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The Hall effect thruster (HET) is a type of spacecraft propulsion that is used for 
satellite orbit raising and station keeping. HET development and lifetime qualification tests 
are performed in ground-based vacuum facilities. To ensure predictable flight operation of 
HETs, the ground-based testing environment must be representative of the on-orbit 
environment, or there must be a clear path to correlate the ground test results to expected 
on-orbit HET behavior. Much of the previous work related to understanding how to 
correlate HET ground-testing behavior and HET on-orbit behavior is focused on 
understanding the impact on HET operation of the elevated neutral gas pressures that HETs 
experience in ground-based test facilities. Flight data, from satellite missions using HETs, 
shows that HETs have variations in behavior that cannot be explained through neutral 
pressure considerations. As experienced during the SMART-1 mission, certain 
characteristics of the on-orbit HET electrical circuit can be influenced by external electrical 
factors. For ground-based testing, the vacuum facility walls represent an artificial electrical 
boundary that is not present during in-flight operation. The electrical impact that the walls 
and other conductive surfaces in the vacuum chamber have on the behavior of HETs is 
unknown. The results of the SMART-1 mission demonstrate that there is a gap in the 
knowledge of HET-vacuum facility interactions. The goal of this work is to better 
understand how HET thruster operation is influenced by electrical interactions with the 
conductive walls of the vacuum chamber and other conductive surfaces that are only 
present within the ground-based testing environment.  
To examine these electrical interactions, this work varies the electrical boundary 
conditions of key electrical surfaces in the vacuum facility environment and measures how 
those electrical boundary conditions influence a testbed 3 kW HET. This work identifies 
two key conductive surface systems in the vacuum testing facility that influence the 
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operation of HETs: the walls of the vacuum facility and the HET body. The walls of 
vacuum facility influence the plume of the HET by mediating the charge-loss rate to the 
walls of the vacuum facility. The results of this work suggest that the walls of the vacuum 
facility artificially bound the plasma properties of the HET plume. This augmentation of 
the plasma plume indicates that there can be variations in the on-orbit plume characteristics 
that are not measured during ground testing. For the HET body, the conductive metal 
structure of the thruster is found to be an active component of the HET electrical circuit. 
While on-orbit, the HET body is directly connected to the satellite electrical common, and 
the HET electrical circuit voltage relative to the HET body has been measured to change 
significantly on-orbit. The results of this work indicate that the thruster body of the HET 
can play a critical role in the oscillations of the discharge current. Due to the complex 
plasma conditions present in the near-field of the thruster body, it is difficult to pinpoint 
the exact physical mechanisms governing the electrical interaction between the thruster 
body and the HET. The results of this work strongly indicate that the electrical boundary 
condition of the thruster body is an important consideration for the ground testing of HETs. 
Collectively, this work provides valuable insight into the field of HET ground 











 The goal of Chapter 1 is to better acquaint the reader with the subject matters 
important to understanding the content of this thesis. The subject matter covered in the 
following chapter is a brief overview of the basic motivations of the this dissertation work. 
The following chapter goes over the rocket equation, the basic characteristics of Hall effect 
thrusters (HET), major issues that have been considered when testing HETs in ground-
based vacuum facilities, and concludes by identifying a key gap in the knowledge about 
ground testing of HETs. 
1.1 A Brief Overview of Hall Effect Thrusters 
 Electric rocket propulsions systems can be divided into three broad categories based 
on their primary acceleration mechanisms:  electrothermal, electrostatic, and 
electromagnetic systems [1]. In electrothermal electric propulsion, the working gas is 
heated and then expanded to generate thrust. In electrostatic electric propulsion, the 
working gas is ionized and a standing electric field accelerates the working gas to generate 
thrust. In electromagnetic propulsion, the working gas is ionized and accelerated through 
the Lorentz force interaction between the working gas and the thruster. The work in this 
thesis focuses on electrostatic type thrusters, specifically HETs. In order to better 





1.1.1 Rocket Equation 
 Before delving into HETs, a brief description of the basics of spacecraft propulsion 
systems is necessary. The goal of any propulsion system is to provide a change in 
momentum to the vehicle. For in-space propulsion systems, the lack of ambient mass 
surrounding the vehicle means that most in-space propulsion systems eject a reaction mass 
from the spacecraft to generate thrust. In general, the first-order analysis of this situation 
is captured in the famous Tsiolkovsky Rocket Equation [2], as shown in Equation (1) 
 






where ∆V is the change in spacecraft velocity, Ve is the exhaust velocity, mo is the initial 
mass, and mf is the mass without propellant. The propulsive requirements for orbital 
maneuvers and transfer orbits to various destinations in the solar system can be 
conveniently reduced down to a ∆V requirement. The ability of a spacecraft propulsion 
system to meet that ∆V requirement, as demonstrated by the rocket equation, is determined 
to first order by the exit velocity of the reaction mass from the propulsion system and the 
amount of available propellant. For a given ∆V requirement, a spacecraft propulsion system 
can either carry more fuel or increase the exit velocity of the reaction mass to meet that 
requirement. This dichotomy of choices forms the basis of the two broad categories of in-
space propulsion systems:  chemical propulsion and electric propulsion. Chemical rocket 
engines use chemically-energetic propellants to heat the reaction mass, that is the by-
product of the chemically-energetic propellant. Chemical rockets have an exit velocity that 
is chemistry limited to ~4 km/s, but they are able to produce thrust levels on the order of 
kN’s to MN’s. Electric rocket engines or electric propulsion devices, separate the energy 
source from the reaction mass. This separate energy source is typically electrical power 
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generated from satellite solar panels. Electric propulsion devices infuse kinetic energy into 
the reaction mass through various means to generate thrust. Electric propulsion devices are 
classified by their acceleration mechanism. In practice, electrostatic accelerator can have 
exit velocities in the 10 km/s range but only produce thrust on the order mN to N due to 
electrical power limitations. Because of the large improvement in the exhaust velocity of 
electric propulsion devices as compared to chemical rocket engines, spacecraft that use 
electric propulsion systems can carry much less fuel than their chemical counterparts for a 
given mission. The reduction in fuel allows for spacecraft to carry more payload or meet 
more demanding ∆V missions. This makes electric rockets engines for in-space propulsion 
a very attractive option for satellite builders and forms the basic motivations for all electric 
propulsion research and development. 
1.1.2 Hall Effect Thrusters 
 HETs are concentric, grid-less, electrostatic ion accelerators and are a subset of 
electric propulsion devices [3-5]. Figure 1 shows an image of an operating HET. Current 
state-of-the-art flight qualified HET have power processing capabilities in the 5-kW range. 
This power regime fits well within current satellite electrical power envelopes [6]. HETs 
capable of processing more power are currently being developed [7]. HET have a wide 
throttling capability and are used for both orbit raising and satellite station keeping 




Figure 1:  T-140 HET Operating in Vacuum Chamber. HET is operating with 
xenon propellant at a discharge voltage of 300 V and a discharge power of 3.1 kW. 
Ambient chamber pressure is 7.3 x 10-6 Torr corrected for xenon. 
 
 The major sections of the HET plasma environment can be divided into the 
discharge and the plume as shown in Figure 2. The plasma discharge of the HET is 
contained within the thruster channel. The discharge is responsible for ionizing neutral 
propellant and accelerating the ions to generate thrust. Within the discharge channel of the 
thruster, a stationary radial magnetic field maintains a Hall current. This Hall current is 
responsible for both ionizing neutral propellant and forming the electrostatic gradient to 
accelerate ions. The plume of the HET is composed of ions accelerated by the thruster, 
charge exchange ions created through ion-neutral collisions, and electrons supplied by the 
cathode. The plasma in the plume is quasi-neutral (i.e., the local electron number density 
is approximately equal to the local ion number density), and the cathode of the thruster 
supplies electrons to both the HET discharge and the ion beam. The electrons sourced to 
the ion beam maintain the electrostatic potential gradient between the HET discharge 
plasma and the plume plasma. Understanding both sections of the plasma environment of 
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the HET is an active area of research and characterizing them is critical for actual satellite 
integration issues and in-flight operations issues. 
 
 
Figure 2:  Notional Diagram of HET Structure. 
 
1.1.3 Ground Testing of Hall Effect Thrusters 
 Due to the complexity of the physical processes present in the HET, the present 
predictive capability of HET performance and plasma characteristics through modeling is 
limited [3, 5, 9-11]. The lack of predictive capability necessitates extensive experimental 
testing of each new HET design to characterize its performance and operating 
characteristics. A HET is a steady-state plasma device, and so the operation of a HET 
requires a mean free path that is several times larger than the geometric size of the HET 
thruster. The testing of HETs must occur in a vacuum-like, low-pressure (less than ~10-5 
Torr) environments. A consequence of the physical pumping limitations of the ground-
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based vacuum testing facility is that background neutral pressure during testing is much 
higher than the flight environment [3, 12-39]. The presence of additional neutral atoms in 
the testing environment can produce of a myriad of undesirable effects in electric 
propulsion testing [12-39]. Tracing heritage back to gridded ion engines, pressure standards 
have been established empirically for HET testing and have been used for lifetime 
qualification testing of many HET designs [7, 12, 40, 41]. However, recent work 
demonstrates that the presence of background neutrals in the vacuum chamber environment 
heavily influences HET behavior in a ground based vacuum chamber environment at these 
recommended pressures [17, 32, 41, 42]. As a result, multiple research efforts have been 
aimed to understand the impact of neutrals on HET operation at lower pressures than were 
previously accepted [17]. 
1.1.3.1 Neutral Pressure Effects on Performance 
 Since a HET discharge channel is physically open to the downstream environment 
and the neutral density is low enough that there is free molecular flow within the discharge 
channel, there is no physical mechanism that prevents ambient neutral propellant atoms 
from propagating back into the discharge channel. Any neutrals that do reenter the 
discharge channel have a high probability of being ionized and accelerated out of the 
thruster. This effect is known as “neutral ingestion” and has widely documented effects on 
the HET thrust and discharge characteristics [12, 17]. The overall trend among thrusters is 
that elevated background pressure relative to the on-orbit conditions increases thrust by 
augmenting the mass flow rate into the thruster from the propellant feed system. Early 
testing of the SPT-100 shows that performance increases with elevated background 
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pressures and that vacuum facility pressures below 5 × 10-5 Torr-Xe1 are desirable to 
maintain neutral ingestion to below 3% of the anode flow rate [12]. However, much work 
since then indicates that HETs exhibit pressure dependent performance behavior below the 
aforementioned pressure limit. Furthermore, simple coefficient correction factors that 
assume free molecular flow factors have not been able to account for pressure dependent 
                                                 
 
 
1 Torr-Xe is unit of pressure measurement and stands for “Torr corrected for xenon”. For measurements of 
pressure below 1 × 10-4 Torr, direct measurement of the ambient pressure is difficult. For these pressure 
ranges, it is much easier to measure the pressure indirectly. Because indirect pressure measurements are gas 
composition sensitive, the devices that are used to make this measurement are calibrated against a known gas 
composition. This is mostly commonly done with nitrogen. Based on what type of pressure measurement 
device that is used and the composition of gas being measured, it is possible to correct the readout of a gauge 
calibrated for a specific gas to the kind of gas that is actively being measured. As a way to ensure good 
bookkeeping, the pressure measurement from an indirect pressure gauge must also contain information about 
the gas composition from that measurement. 
 
43. "571 Ionization Gauge Tube Instuction Manual." Vol. Manual No. 6999905571 Revision C, 2002. 
44. Tilford, C. R. "Sensitivity of hot cathode ionization gages," Journal of Vacuum Science & 
Technology A Vol. 3, No. 3, 1985, pp. 546-550. 
doi: doi:http://dx.doi.org/10.1116/1.572991 
45. Tilford, C. R., McCulloh, K. E., and Woong, H. S. "Performance characteristics of a broad range 







performance behavior. Measurements confirm that thrust, anode efficiency,2 specific 
impulse, and discharge current vary from pressures ranging from 5 × 10-5 Torr-Xe to below 
1 × 10-6 Torr-Xe [41, 42]. In the 1 × 10-6 Torr-Xe pressure regime, it is thought that 
acceleration of charge exchange ions via potential gradients that exist near the thrust exit 
plane can affect the overall net thrust [26]. Cathode coupling efficiencies may also be 
affected through elevated neutral background pressures [46]. Currently facility effect 
correction techniques involve measuring HET performance (thrust, anode efficiency, 
specific impulse) at multiple neutral background pressures and extrapolating that behavior 
to space comparable neutral background pressures [17]. This methodology is empirical, 
and the extrapolation technique is not a robust method for predicting on-orbit performance. 
Understanding the impact of neutral background pressure on HET performance remains an 
active area of research [17]. 
1.1.3.2 Neutral Pressure Effects on the HET Plume 
 Accounting for differences between the HET plume in a ground testing facility and 
the actual flight environment is important when considering spacecraft system integration 
issues. Plume impingement can lead to generation of disturbance torques on the spacecraft 
and enhance degradation rates of solar panels. Elevated background neutral pressure has 
demonstrated effects on the HET plume. Particularly, plume charge-exchange ion 
                                                 
 
 
2 Anode efficiency is calculated simply as the ratio of the beam (jet) power of the HET to the discharge 
power of the HET. The anode efficiency is just one measure of efficiency that is used to characterize the 
overall HET efficiency. 
3. Goebel, D. M., and Katz, I. Fundamentals of Electric Propulsion: Ion and Hall Thrusters. Hoboken, 
New Jersey: John Wiley & Sons, 2008..  
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production is enhanced by the presence of thermalized neutral propellants present in the 
vacuum facility [26]. Increases in plume divergence angle have been reported with elevated 
background pressure [14, 15]. In Figure 3, the “tails” of the HET plume show an increase 
in the ion-current density. Walker [15] measured changes in the electron temperature, 
plasma potential, and ion current density with increasing background neutral pressure. 
Continuing to understand the impact of neutral pressure on the HET plume remains an 
active area of research. 
 
 
Figure 3:  Ion current density profile of a P5 HET. Data is taken at a discharge 
voltage of 300 V and discharge current of 4.3 A. The off-axis region of the profile 
is labeled as “Tail Regions” Figure is taken from Walker, et al. [14]. 
 
1.2 Motivation 
1.2.1 On-Orbit Behavior Not Explained through Neutral Pressure Considerations 
While HETs have been in use since the 1970s, many of the data collected for HET 
in-flight operation remain either proprietary or controlled information. Much of the public 
facility effects research effort has stemmed from two satellite missions using HETs, the 
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Russian Express-A geosynchronous satellites and European Space Agency’s SMART-1 
lunar mission [47-53]. Below is brief description of publicly available information 
regarding discrepancies between in-flight and ground-tested HET performance and plume 
characteristics. 
1.2.1.1 Express-A Geostationary Telecommunication Satellites 
The Express-A geostationary telecommunication satellites use a total of four Fakel 
SPT-100 HET thrusters for North-South and East-West station-keeping [47]. The Fakel 
SPT-100 is a mature, well-tested HET design and has been used for many in-flight 
applications [47, 54]. In order to better understand the impact of the HET on Ku and C 
band communications and general satellite operation, ion current densities, ion energy, 
electric field strength, disturbance torques, and solar panel power degradation were 
measured in-situ on two of the eight geostationary telecommunication satellites. 
With respect to the thruster, the in-flight measurements revealed discrepancies 
between ground-tested behavior and on-orbit behavior in discharge current, thrust, ion-
density distribution, and ion-energy distribution [47]. It was found that the average 
discharge current and discharge voltage measured inflight differed by 2% and 3%, 
respectively as compared to ground-based acceptance testing. The impact of this 
discrepancy is not yet known and the source of the discrepancy is attributed to issues in 
power processing unit compatibility with the SPT-100 and satellite bus voltage limits [47]. 
On-orbit thrust measurements were measured based on satellite range data. The 
measurements show that initial thruster firing produced 8% less thrust than what was 
demonstrated on the ground. It is reported that the on-orbit thrust increased after a 24-hour 
burn-in time, but overall in-flight thrust production was less than what was demonstrated 
in a ground based facility. Some of this deficit was attributed to direct plume impingement 
on satellite surfaces, but this does not fully account for deficits in thrust production [47, 
48]. The impingement of the HET beam on satellite would result in the generation of 
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disturbance torques. Analysis of the attitude control system response revealed the presence 
of additional disturbance torques only present during HET operation [47]. The source of 
ion-impingement was attributed to changes in the HET plume in the space environment. 
 
Figure 4:  Ion energy distribution from the Express satellite diagnostics in the “tail 
regions” of the HET plume. Circled in red is the high-energy ion population. 
Figure taken from Manzella, et al. [47]. 
 
The plume of the SPT-100 HET onboard the Russian Express satellite exhibited 
marked difference between ground-based and in-flight HET operation. As shown in Figure 
4, analysis of the ion energy distribution reveals the presence of high-energy ions at large 
angles relative to the thruster centerline. These energetic ions are present at angles outside 
the ground-measured ion beam divergence angle [47, 48]. From analysis of the data 
collected from the Express satellites and modeling by Manzella, et al. [47], Boyd and 
Dressler [48], the following conclusions were made about the source of the anomalous 
plume ion-energy profile: In the ground-testing environment, the elevated neutral 
propellant density near the discharge channel exit creates region of increased charge-
exchange collisions not present in the space environment. As mentioned above, the HET 
magnetic field topology is designed such that the primary acceleration of the ionized 
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propellant is aimed downstream. Due to the nature of the shape of the electrostatic potential 
gradient, there are accelerated ions with high tangential-to-the thrust axis velocity 
components. This acceleration of ions in a direction misaligned with the thruster centerline 
is approximately axisymmetric. The net result is a reduction in total HET thrust and efforts 
are made in the design of a particular HET to minimize the production of these ions. 
Therefore, the majority of the ions accelerated downstream have small off-axis velocities. 
Boyd and Dressler [48] argue that because of the presence of additional neutral propellant 
atoms in the ground testing environment, accelerated ions near the discharge channel exit 
can collide with those neutrals and produce “low” energy charge-exchange ions. Because 
of the relatively small population of ions with large tangential velocities, the charge-
exchange ion plasma produced during collisions dominates the composition of plasma in 
the off-axis regions of the beam. In the space environment, only the neutral propellant 
atoms present in the near-discharge channel exit plane and the plume are from un-ionized 
propellant from the cathode or HET discharge. Therefore, the production of charge 
exchange atoms is significantly reduced and ions with large off-axis velocities can 
propagate outward; thus increasing the effective divergence of the thruster plume in space. 
Replication of this behavior has not yet been documented in ground-based test facilities. 
1.2.1.2 SMART-1 European Space Agency Mission 
 The SMART-1 satellite used a Snecma PPS-1350G HET for its primary propulsion 
system. Thruster diagnostics of this mission were much more limited as compared to the 
Express satellites [47, 49]. The most interesting result of the analysis of the flight data was 
the influence of the solar panels on the HET. Based on disturbance torque analysis, the 
HET plume did not impinge on the solar panels [50]. However, during certain solar panel 
orientations, the HET floating voltage drifted above the satellite bus common [49, 55]. 
Figure 5 shows the cathode-to-satellite ground voltage as a function of time. There are 
periods of time that display positive cathode-to-satellite ground voltage during periods of 
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elevated plasma potential. The cathode-to-satellite ground voltage rose to levels that were 
outside of the measurement capability of the diagnostics system. In a ground-testing 
environment, earth-ground is used as a reference voltage; however, during on-orbit 
operation, the satellite bus electrical common is used as an electrical reference. The HET 
floating circuit voltage is normally negative relative to earth ground and so a positive HET 
floating voltage had not yet been demonstrated in a ground testing facility. This deviation 
from expected behavior merited further investigation to determine if this change in relative 
potentials impacted the performance of the PPS-1350G HET. As reported, this anomalous 
cathode-to-satellite ground voltage did not influence thruster performance or operational 
stability. Plume modeling determined that the positive cathode-to-satellite ground voltage 
configuration was due to exposed low-voltage interconnects on the rear of the solar array 
exposed to the off-axis HET plume [55]. The overall magnitude of predicted cathode-to-
satellite common voltage could not be reproduced with plume model. The difference 
between the magnitudes in cathode-to-satellite common voltages is attributed to the 
interaction between the HET and the vacuum chamber walls, but the actual mechanisms 
governing that interaction have not yet been explored in detail [55]. The model, however, 
accurately predicted changes in the cathode-to-satellite common voltage with respect to 
solar panel angle that were similar to those changes shown in the in-flight data. Ion energy 
analysis of the PPS-1350G HET plume revealed high-energy ions in the off-axis plume as 
illustrated in Figure 6. The presence of high-energy ions seen in SMART-1 is similar to 
what was observed with the Express satellites. The design between the PPS-1350G and the 
SPT-100 is different and the SMART-1 satellite missions utilized only one HET. This 
allowed the HET on SMART-1 to be placed differently on the satellite bus than the Express 
satellite HETs. These contributing factors meant that high energy beam ions did not 





Figure 5:  Cathode-to-satellite ground voltage for the SMART-1 PPS-1350 HET. 




Figure 6: Measurements of the Ion energy distribution from the SMART-1 
Electric Propulsion Diagnostics Package (EPDP) Circled in red is secondary high-




1.2.1.3 Conclusions Drawn from Flight Experience 
 As illustrated by the in-flight performance of the SPT-100 and the PPS-1350 HETs, 
the physical mechanisms that govern the interaction between the vacuum chamber and the 
HET are still not fully understood. Simple correction coefficients to account for the 
differences in HET operation at various operating pressures have been found to be 
inadequate. For a given thruster, it is possible to establish empirical trends to correlate 
vacuum facility back pressures to in-flight neutral pressures, but such characterization is 
not extensible to another thruster without testing. As demonstrated by the literature, 
creation of HET testing standards has been difficult as each thruster exhibits different 
pressure dependent performance behavior. With the presently limited understanding of 
facility effects, characterization of a specific HET background neutral pressure dependent 
behavior is necessary. This presents a technical challenge to ground-based HET lifetime 
testing as it is unclear as to how background neutral pressure effects evolves over the 
lifetime of the thruster. From past flight experience and past research efforts in HET 
testing, it is evident that further investigation into facility effects on HET is warranted. 
1.2.2 Motivations for Further Research into Electrical Facility Effects 
A major difference between the in-flight and ground-testing environment, 
overlooked in the research of facility effects, is the effect of the electrically conductive 
vacuum facility walls and other conductive surfaces in the vacuum chamber. In the on-
orbit HET plume, ions and electrons produced by the HET are free to propagate outward 
from the spacecraft until they recombine. In contrast, in the ground-testing environment, 
the conducting vacuum facility walls create an artificial recombination site that does not 
require ions and electrons to be in the same physical location. It has been mentioned in the 
literature that the presence of the conductive vacuum facility removes energy from the 
plume [56, 57]. However, research into the impact of the conductive walls of the vacuum 
chamber has not been thoroughly pursued. In the past, it was commonly assumed that the 
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HET cathode will compensate for the presence of the artificial conductive boundary 
condition through changes in the floating potential of the HET plume; however, this line 
of inquiry has not been pursued further and evidence from the SMART-1 on-orbit data 
indicates that the cathode may not compensate for the artificial electrically conductive 
boundary. 
1.3 Thesis Overview on Electrical Facility Effects 
Based on the electrical measurements from SMART-1, there are aspects of the HET 
electrical circuit that can be influenced by external electrical factors. Specifically, the 
voltage of the HET circuit relative to a reference can vary greatly between ground-testing 
and on-orbit operation. Since it is unclear, yet, as to how the walls of the vacuum chamber 
interact with the HET plume, this work will attempt to improve the understanding of how 
the vacuum testing facility electrically interacts with the HET. Chapter II provides 
background information on the key characteristics of HETs that may be influenced by 
electrical interactions with the vacuum facility and covers some of the exploratory work 
done in electrical facility effects. Chapter III describes the research goals, experimental 
approach, and the control methods. Chapter IV details the experimental apparatus and 
diagnostic techniques used. Chapter V goes over the results of each of the experimental 
trials. Chapter VI is the discussion of the impact of those results on the operation of HETs. 
Chapter VII provides a summary of the major contributions and conclusions of this work. 
It also provides recommendations for future work in electrical facility effects. 
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Chapter II  
Background 
 The following chapter provides a background for the key components of the HET 
and its operation. The chapter includes a brief overview of the major components in a HET, 
relevant behaviors exhibited by HETs, electrical configuration of HETs, and concludes 
with an overview of some of the exploratory work done in electrical facility effects. 
2.1 Basic Aspects of Hall Effect Thruster Operation 
 Figure 7 shows a notional cross-section diagram of a HET. Neutral gas propellant 
is injected via a propellant distribution system near the rear of the discharge channel [5, 
58]. It is common for the neutral propellant gas distribution system, and the positive 
electrode of the HET discharge circuit to be the same physical component and is referred 
to as the “anode” [5]. The neutral gas continues to move axially downstream to the exit 
plane of the discharge, where it encounters high-energy electrons. The neutral propellant 
atoms collide with electrons and are ionized. The electrostatic potential setup by the anode 
and the electrons undergoing azimuthal drift accelerates the newly generated ions out of 
the discharge channel [5, 58]. It is this ion acceleration through the electrostatic potential 
gradient that enables the HET to produce thrust. To ensure that the thruster plume maintains 
a neutral balance of positive and negative charge, an external electron source emits an 




Figure 7:  Functional diagram of a notional operating Hall effect thruster. Figure 
is used with permission from Scott King (Figure not scale). 
 
The azimuthal drift of the electrons within the discharge channel is setup by the 
static magnetic field. Electrons sourced from the cathode and electrons created from 
ionization collisions are magnetized by the HET magnetic field. The magnetic field retards 
their progress towards the anode. The electrons undergo “E x B” azimuthal drift and a Hall 
current is established inside the thruster discharge. The Hall current serves two purposes:  
it ionizes neutral propellant and creates the electrostatic ion acceleration potential gradient. 
On a fundamental level, the strength of the magnetic field must be high enough to 
magnetize electrons but not strong enough to magnetize propellant ions. This constraint is 
 19 
 
met because the mass of electrons is four to five orders of magnitude smaller than the ion 
mass and allows for a specific HET to have a wide range of operating conditions [3, 5, 59]. 
The specific topology of the magnetic field in the discharge channel varies significantly 
between HETs. The magnetic field shape controls almost all factors that govern thruster 
operation including but not limited to:  thrust, power efficiency, beam divergence, erosion 
rate, and location of the ionization and acceleration region. The most basic electrical 
circuits of the HET are the discharge circuit and the neutralization circuit. The discharge 
circuit ionizes propellant via ion-electron collisions and accelerates ions out of the 
discharge channel of the HET. The neutralization circuit emits negative charges via 
thermionic electron emission as required by the acceleration of positive charges via ions 
out of the thruster. Both of these circuits are primarily driven by a single electrical 
discharge supply. The electrons necessary for both circuits are supplied by a single electron 
source, the cathode. 
 
 
Figure 8:  Potential diagram of a typical HET operating in a vacuum chamber. 
 
 Figure 8 shows a potential diagram that succinctly describes the operational 
potential for a HET. The floating potential of the HET circuit is established by the cathode 
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potential relative to ground (Vcg). The bias voltage of the anode (Vd) is established relative 
to the cathode. The azimuthal drift of the electrons (i.e., Hall current) creates a steep 
potential gradient (Vaccel) between the interior discharge channel plasma and the ambient 
plasma. Ions are accelerated along this potential gradient. The acceleration provided by this 
gradient is limited by the plume plasma potential (Vp). A secondary potential drop occurs 
between the thruster plume and vacuum chamber grounded surfaces or the space potential 
at infinity. This secondary potential drop occurs several collision length scales downstream 
of the HET exit plane through a pseudo-boundary layer, called a plasma sheath. The plasma 
sheath forms whenever charge quasi-neutrality in plasma cannot be maintained at a 
characteristic length-scale, for example the Debye length-scale [3, 60]. It is a physical 
structure that accommodates transitions between the plasma and a differing medium, 
including but not limited to:  a conductive surface, an insulating surface, a charged surface, 
or plasma with differing characteristics. Overall, the various voltages in the HET electrical 
are governed by the discharge supply voltage, and their relationship to the discharge 
voltage is described by Equation (2): 
 
𝑉𝑑 = 𝑉𝑎𝑐𝑐𝑒𝑙 + 𝑉𝑝 + |𝑉𝑐𝑔|. (2) 
 
 2.1.1 The Electrical Circuit of HET 
 The flow of positive charges (ions) and negative charges (electrons) created by the 
HET and the many conductive electrical surfaces in a vacuum chamber facility mean that 
there are several electrical pathways or circuits in a HET testing environment. The broadest 
categories of these circuits are the discharge circuit and the neutralization circuit. Within 
discharge circuit, there are two main circuits: the electron current that flows from the 
cathode to the anode necessary to maintain the plasma in the thruster and the second circuit 
is the ion current leaving the thruster discharge channel and the corresponding electron 
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current leaving the cathode to neutralize the ion beam. How these ion and electron currents 
complete a circuit forms the various parts of the neutralization circuit. These are the main 
pathways or circuits in which these circuits can close:  Charges can terminate on facility 
walls, charges can terminate within the plume, and charges can terminate on conductive 
surfaces inside the testing volume. Figure 9 shows a notional diagram of these various 
circuits. It should be noted that the inclusion of the simple resistive element in each circuit 
shown Figure 9 is used for illustrative purposes only, and the actual specified circuit can 
have resistances, inductances, and capacitances that are governed by complex physical 
phenomena occurring throughout the plasma and test facility. 
 
 
Figure 9:  Notional Electrical Circuit Diagram of HET 
 
A HET electrical circuit differs greatly on-orbit compared to a vacuum testing 
facility. In the on-orbit environment, the lack of an electrically-conductive wall 
surrounding the HET does not enforce charge recombination of ions and electrons. The 
lack of physical walls means that the local neutral pressure near the thruster can be of 
magnitude lower than what is achievable in a vacuum chamber facility. This lowers the 
overall population of charge-exchange ions present in the HET plume, and it has been 
shown that the elevated neutral pressure affects HET operation [16, 20, 25, 26, 61]. Since 
there is no electrical ground in space, the satellite bus common is used as the electrical 
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common [49, 51-53, 62]. This means that the HET electrical circuit reference is essentially 
a floating reference. As evidenced by the SMART-1 mission, this makes the HET electrical 
circuit susceptible to exposed electrical surfaces, spacecraft charging or other electrical 
influences. This floating reference has the potential to influence other aspects of the HET 
operation. 
2.1.2 Accelerations of Ions in a Hall Effect Thruster 
Because a HET relies on the formation of a Hall current to both ionize propellant 
and accelerate ions, the ionization region and the acceleration of a HET plasma discharge 
overlaps greatly and its position is not well defined [3]. This has the effect of making the 
ion energy distribution of the HET beam non-monoenergetic, i.e., there is a distribution of 
ion energies. Additionally, the ions accelerated have an velocity vector that has non-
negligible off-centerline velocity. This results in the beam of the HET to diverge. The 
following sections cover these two aspects of the HET in more detail. 
2.1.2.1 Acceleration Voltage 
Critical to understanding or calculating the thrust produced by a HET is the 
acceleration voltage, Vaccel, of the ions created from the HET discharge. The thrust produced 
by a HET can be calculated via Equation (3) [3]. 
 






  (3) 
 
where Xi is the fraction of the ion beam in that charge state, Ib is the ion beam current, mi 
is the mass of the ion, Vaccel is the acceleration voltage, Qi is the charge state (e.g., 1, 2, or 
3) , and e is the fundamental charge. This equation assumes a mono-energetic acceleration 
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voltage and no beam divergence. Unlike ion-gridded engines, the acceleration voltage of 
the HET is not precisely controlled by a separate supply. As shown in Figure 7and Figure 
8, the discharge supply sets up the overall discharge potential difference between the anode 
and the cathode, Vd. The acceleration voltage is bounded by discharge voltage and the 
plume plasma potential Vp. In the HET discharge, the acceleration voltage varies spatially, 
and the resulting in a distribution of ion energies. Figure 10 below shows a sample ion 
energy distribution function for a HET with a discharge voltage of 300 V taken on thruster 
centerline. It is common for the ion energy distribution to be measured in units of Volts 




Figure 10:  A single trace representative ion energy distribution function of a 
HET.  The HET is operating at 300 V, 3.1 kW. The chamber pressure is 7.3 x 10-6 
Torr Xe.  
 
For this thruster (Figure 10), the most probable ion voltage is between 250 V and 
270 V. The remaining potential difference generated by the discharge voltage can be 
thought as a loss in terms of thrust production. Since the discharge supply provides power 
 24 
 
to maintain the HET discharge and to accelerate ions, it is difficult to measure the beam 
current precisely. Overall, total ion current and the electron current supplied by the 
discharge supply is balanced. For each positive charge accelerated by the thruster and 
electron must also be emitted by the cathode. Therefore, the discharge current is composed 
of a current related to the acceleration of ions and a current related to maintaining the 
discharge of the HET. Additionally, for an accurate prediction of thrust, the charge state of 
the ion population must be known. The number of multiply-charged ions depends on the 
many factors and normally represents a non-negligible fraction of the total ion population 
(>10%) [3]. In general, production of multiply-charged ions is not desirable as each 
additional ionization state requires more energy than the last ionization therefore 
production of multiply-charged ions results in an overall loss in thruster efficiency. In 
practice it is difficult to attain all the necessary information to accurately calculate thrust, 
and so the thrust is directly measured. For the purposes of this thesis, it is important to 
highlight the acceleration voltage of the HET beam. Since the acceleration voltage is 
determined by factors outside the thruster discharge channel, such as plume plasma 
potential or cathode-to-ground potential, the thrust of the HET may be influenced by the 
electrical facility effects that this works aims to understand. 
2.1.2.2 Beam Divergence 
Because the HET is a grid-less plasma accelerator, the electrostatic potential 
gradient is not directed uniformly downstream across the entire discharge channel [3, 26, 
63]. The formation of ions throughout the ionization and acceleration regions in a HET 
means that a large portion of ions accelerated has a velocity vector that is not completely 
aligned with the thruster centerline axis. This leads the HET plume or ion beam to have a 
divergent plume. This off-centerline acceleration does not result in a net thrust, as HET are 
axis-symmetric devices. This off-centerline acceleration is also important to satellite 
integration. Since each individual accelerated ion carries with it a relatively large kinetic 
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energy, any surface that is impacted by these ions is eroded. For satellite integration issues, 
it is extremely important to avoid having satellite surfaces being impinged by the HET 
beam. In the case of the Russian Express Satellites, HET ion beam impingement lead to 
additional disturbance torques placed on the satellite [47]. Measuring the actual beam 
divergence in testing vacuum facilities is difficult because of the elevated neutral pressures 
[14]. The elevated pressures in the vacuum facilities allow for the production of charge-
exchange ion production The increased neutrals present in the vacuum chamber facility 
artificially inflate the measured plasma plume due to an increase in the production of 
charge-exchange ions. Additional work by Crofton and Pollard [26] demonstrated that 
charge-exchange ions formed in the near field of the HET, can be accelerated by local 
plasma potential gradients. Since the thruster body is a large conductive surface, it is 
possible that the beam divergence of the HET may be influenced by electrical facility 
effects. 
2.1.3 Hollow Cathode Coupling Efficiency 
Cathode coupling efficiency is a measurement of the power required to extract 
electrons from the cathode in a HET relative to the power necessary to sustain the in the 
discharge, as shown in Figure 8 [3]. The power needed to extract electrons is supplied by 
the discharge supply, and so power used to extract electrons from the cathode comes at the 
expense of acceleration voltage. The cathode coupling efficiency is defined as shown in 
equation (4), where ηcg is the cathode coupling efficiency and Vcg is the cathode-to-ground 
voltage and Vd is the discharge voltage [46]. It should be noted that cathode-to-voltages are 
typically negative. 




 Outside of the physical design of the hollow cathode, many factors play into the 
cathode coupling efficiency. Cathode placement with respect to the magnetic field 
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topology is an active field of research and much work has done to study the impact of 
cathode placement on HET operation [3, 19, 38, 39, 46, 64-67]. Additionally, the dynamic 
processes that govern cathode operation and electron transport in the near field region of 
the cathode is an active field of research [10, 65, 68, 69]. These factors most pertinent to 
this work are the local plasma conditions at the cathode exit and the placement of the 
cathode relative to the HET. 
2.1.4 Plasma Oscillations in the Discharge 
Although the HET is a steady-state plasma device, the plasma environment inside 
the HET is dynamic [59] and operates on many different time-scales. It is a multi-species 
plasma with magnetic and electric fields. This gives rise to several plasma instability modes 
within the thruster discharge. Figure 11 shows a representative power spectra of a HET 
discharge current of a HET operating at 300 V. The breathing mode of the HET discharge 
is the fundamental plasma instability operating inside a discharge channel. The breathing 
mode of the discharge plasma can be identified in the power spectra of the discharge 
current. The breathing mode discharge oscillation is clearly identifiable as a peak in the 
power spectra at 32.5 kHz. For satellite integration issues, the discharge current oscillation 
breathing mode is one of the most important. This discharge current oscillation affects the 
global power requirements to maintain the plasma discharge and occurs at frequencies in 
the low kHz range [3, 59]. The breathing mode of the discharge oscillation causes the load 
on the discharge supply to fluctuate in the low kHz range. In terms of powering the HET, 
this load fluctuation is undesirable. In order to efficiently power the HET, the discharge 
supply or the power processing unit must be decoupled from the breathing mode 
oscillations and this oscillation is typically attenuated using a low-pass filter [3, 70, 71]. 
The discharge current breathing mode can be influenced by numerous factors such as but 
not limited to: propellant temperature, propellant type, anode mass flow rate, applied 
discharge voltage, thruster channel wall geometry, magnetic field topology, cathode 
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placement, cathode mass flow rate, and facility contamination [59]. Since the breathing 
mode has a direct influence on the HET electrical circuit and can be influenced by a large 
number of factors that are external to the HET circuit, the measurement of this dynamic 
mode of the HET discharge is of key importance to this dissertation work. 
 
Figure 11:  Representative discharge current power spectra.  The HET operation 
condition is at 300 V, 3.5 kW. 
 
2.1.4.1 Predator Prey Model of the Discharge Current Oscillation:  Breathing Mode 
To give the reader a better understanding of the breathing mode discharge 
oscillation and factors that can impact it, a brief overview of the predator-prey model of 
the breathing mode is described. The classical predator-prey description of the breathing 
mode plasma instability comes from the imbalance of the neutral propellant supply rate 
and the ionization and acceleration rates [3, 32, 59]. The neutral particle supply rate to the 
ionization/acceleration region is thermally limited, while the ionization rate is controlled 
by many factors, such as ionization cross-section, collision frequency, and electron 
temperature. Ionization and acceleration rates of propellant exceeds the neutral supply rate 
of propellant. This creates a cyclic behavior of increased ionization rate and acceleration, 
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decreased ionization and acceleration due to neutral propellant depletion. The end result of 
this oscillation is that the discharge current will concurrently fluctuate with the discharge; 
these fluctuations are classified as the breathing mode. A more complete description of this 
mechanism can be found in [3, 35, 59]. From this model, the breathing mode frequency is 






Since the discharge oscillation mode frequency depends heavily on the ionization 
rate, any variations in the collision cross-section, ion density, neutral density, and electron 
temperature will change the frequency of oscillation. One of the fundamental operating 
principles of the HET is the retardation of electrons towards the anode via a radial magnetic 
field. On their way to the anode, the electrons experience azimuthal drift and they gain 
energy from the potential gradient set up by the positive bias of the anode. It is this 
azimuthal drift that enables the electrons to ionize and accelerate ions. From this 
perspective, the thermal energy of arriving cathode electrons plays a critical role in 
determining the electron temperature of the ionization region of the HET. The exact energy 
of these electrons in the ionization and acceleration zone is difficult to precisely predict, 
but an order of magnitude estimate is illustrated in Eq. (6), Eq. (7), and Eq. (8) using a 
zeroth-order formulation of the predator prey model [3, 59]: 
 
?̇?𝑖 = −𝑛𝑛𝑛𝑖 < 𝜎𝑖𝑣𝑒 >  (6) 
< 𝜎𝑖𝑣𝑒 >= 10
−20 (−1.031 × 10−4𝑇𝑒
2 + 6.386𝑒−
12.177






= (−1.031 × 10−4𝑇𝑒
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where 𝜔, ?̇?𝑖 , 𝑛𝑖 , 𝑛𝑛, < 𝜎𝑖𝑣𝑒 >, 𝑇𝑒 , 𝑎𝑛𝑑 𝑚𝑒 are the breathing mode frequency, ion 
production rate, ion density, neutral density, ionization rate coefficient, electron 
temperature in eV, and electron mass, respectively. Assuming ion and neutral density 
remain constant, the discharge oscillation frequency is dependent solely on the ionization 
rate. Assuming a Maxwellian energy distribution of the electron population and neutral 
propellant population, it is possible to model the ionization rate as listed in Eq. (6) [3]. In 
reality, the ionization electron population is likely to not have equal Maxwellian energy 
distributions in both the azimuthal and axial direction. The isotropic Maxwellian energy 
distribution assumption made in this zeroth-order model will lead to an artificially higher 
ionization rate. Here the ionization rate is dependent on neutral and ion density as well as 
the reaction rate coefficient. This reaction rate coefficient takes into account xenon 
ionization cross section dependence on electron temperature and relative speed for a 
bimolecular ionization collision process. By combining Eq. (5), Eq. (6), and Eq. (7) and 
normalizing the discharge oscillation frequency by a nominal breathing mode frequency, 
the changes in discharge oscillation becomes solely dependent on changes in electron 
temperature as shown in Eq. (8). Since the collision cross-section for ionization is highly 
dependent on the electron temperature, an estimate for the electron temperature is needed. 
A reasonable estimate for the electron temperature of the discharge can be taken as 10% of 
the beam voltage [3]. From the retarding potential analyzer data presented in Frieman et 
al., the beam voltage is measured to be approximately 250 V, and so to make an assessment 
of the ionization rate impact on the discharge oscillation frequency, it is assumed that the 
nominal electron temperature is 25 eV inside the discharge [3]. Figure 12 shows the results 
of the calculations. From this model, it evident that even small changes in the electron 
temperature of the plasma in the ionization and acceleration region can cause changes in 
the breathing mode frequency. Outside of this zeroth order model, the discharge current 
breathing can be influenced by numerous factors such as but not limited to: propellant 
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temperature, propellant type, anode mass flow rate, applied discharge voltage, thruster 
channel wall geometry, magnetic field topology, cathode placement, cathode mass flow 
rate, and facility contamination [59]. 
 
 
Figure 12:  Percentage change in breathing mode frequency as a function of 
percentage change in ionization electron temperature. Greyed regions denote non-
physical solutions from the zeroth-order model. 
 
2.2 Preliminary Efforts in Electrical Facility Research 
 Initial exploratory work, done by Frieman, et al. [72], sought to establish whether 
or not the conductive walls played a significant role in the HET electrical circuit. Their 
experimental setup had a HET operating in a vacuum chamber and was surrounded by two 
distinct plasma environments. In the downstream of the HET exit plane, the charged-
particle components of the plasma environment consist mainly of ions that are accelerated 
by the HET discharge and electrons. These ions have a large downstream component of 
their velocity and therefore lead to a non-isotropic plasma environment. In regions where 
the HET beam is not present, commonly referred to as “the off-axis” plasma environment, 
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the ions present are primarily created through a charge-exchange process. The ions have 
much lower energy than comparable beam ions and to zeroth-order have no preferential 
direction of travel. This leads to a more uniform, isotropic plasma environment. To 
investigate these environments, Frieman, et al. [72] placed two electrical witness chamber 
plates, one in the direct downstream plasma environment and one in the “off-axis” plasma 
environment. The T-140 HET served as a representative test bed [72]. 
 
 
Figure 13:  Axial and radial chamber plate sweeps taken while a T-140 HET was 
operating at a discharge voltage of 300 V and a discharge current of 5.16 A.  Figure 
is taken from Frieman, et al. [72] 
 
 Figure 13 shows both the collected current and cathode-to-ground voltage as a 
function of plate bias voltage. Time-averaged measurements of the cathode-to-ground 
potential and current drawn were taken at each bias potential [40, 72]. As the plate bias 
voltage was increased the cathode-to-ground potential moved synchronously. The 
conductive wall of the vacuum chamber serves as a recombination site for positive and 
negative charges of the plasma plume. The floating potential, cathode-to-ground voltage, 
is set by the local plasma conditions and magnetic field conditions. Since the HET 
discharge circuit is floating, changes in the local plasma potential near the cathode will 
cause the whole HET thruster electrical circuit floating potential to change relative to 
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ground. Because of this, it is expected that the plasma potential of the HET plume is 
impacted by the changes in the plate voltage relative to ground. Frieman, et al. [72] 
conclude that the vacuum chamber facility is part of the HET discharge circuit. 
The work by Frieman, et al. [72], demonstrated many possible promising avenues 
for further research. The overall conclusion of the work is that the vacuum chamber is a 
part of the electrical circuit. The movement of the HET floating voltage (cathode-to-ground 
voltage) with respect to plate bias voltage suggests that a mechanism similar to the one 
observed during the SMART-1 mission maybe at play in the interaction between the 
vacuum facility and the HET. It is unclear from the work as to whether the thrust of the 






In the previous chapters, we discussed the fundamentals of HET operation, the state 
of research in facility effects, and documented in-space behavior of HET that deviates from 
our current understanding of facility effects. In this chapter, we discuss the selection of 
scope for this research effort. 
3.1 Research Goals 
While there are many questions and unknowns related to the influence of the ground 
testing facility of HETs, it is necessary to selectively narrow the scope of this study. This 
work seeks to investigate the basic physical aspects of the electrical HET-vacuum 
interaction that directly influence measurable characteristics of the HET. To better 
understand how this work narrows the scope of this investigation, it is important consider 
the entire HET electrical circuit. The total circuit includes both the HET discharge and 
cathode neutralizing circuits and the electrical circuit created when positive (ions) and 
negative (electrons) charges produced by the HET recombine in the ground testing 
environment. As demonstrated by the Frieman, et al. [72], the vacuum facility walls are 
just one possible pathway that this recombination circuit can form. Plasma interactions 
with any conductive surface can setup the possibility of a recombination pathway or circuit 
forming. The main requirement for this recombination pathway to form is that there is net 
differential flux of charges collected on these conductive surfaces. This flux of charge is 
dictated by the electrical potential of the conductive surface and the local floating potential 
of the plasma [73]. Since the HET testing environment is not a uniform plasma 
environment, these recombination currents can form in many places within the test facility. 
Based on previous research efforts, these recombination currents and the availability of 
these recombination currents have not been considered and are critical to the formation of 
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the understanding of how the vacuum testing facility electrically interacts with the HET. 
This dissertation work is subdivided into the following research goals: 
3.1.1 Chamber Wall Charge Recombination Pathways Effects on HET Operation 
 The walls of the vacuum test facility have been mentioned numerous times in 
the literature as a factor to influences the HET, but the physical mechanisms 
that govern that interaction has not yet been explored. Since HETs are 
ubiquitously tested in ground-based vacuum facilities this dissertation work 
seeks to answer the following question: How does the chamber wall charge 
recombination pathway interact with the Hall effect thruster? 
3.1.2 Thruster Body Charge Recombination Pathways Effects on HET Operation 
 The thruster body is commonly electrically connected to an electrical common, 
and the electrical common between the ground-testing environment and the on-
orbit environment is fundamentally different. It has been demonstrated the HET 
floating circuit voltage relative to that common does not necessarily remained 
fixed. The physically closet conductive surface to the HET discharge is the 
thruster body. Since it is unknown whether the HET thruster body plays an 
important role in HET operation, this dissertation work seeks to answer the 
following question:   How does the electrical boundary condition of the thruster 
body itself affect the operation of Hall effect thruster? 
3.2 Control Methods 
In order to examine each of the research goals, a control method has to be 
established. For each research goal a separate control methodology is established and the 
expected ranges for variation of these control methodologies is discussed in detailed below. 
In each of these methods detailed below, the goal is control or influence the availability of 
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charge recombination pathways. Since the electrons are the most mobile of the charge 
carriers, these discussed control methods seek to influence the pathways available for 
electrons to terminate and exit the HET electrical circuit. 
3.2.1 Chamber Wall Charge Recombination Pathway Control Methodology 
Based on the prior work performed by Sommerville and King [19, 64] and Frieman, 
et al. [72], there are two promising methods for controlling the availability of the chamber 
wall charge recombination pathways: (1) cathode position within the HET magnetic field 
and (2) the voltage bias relative to ground of a large electrode in the HET plume. 
3.2.1.1 Control via Cathode Position in the HET Magnetic Field 
The cathode positioning work by Sommerville and King illustrated that the position 
of the cathode relative magnetic field can influence the operational characteristics of the 
HET. Since the cathode of a HET is responsible for suppling electrons for both ionization 
and neutralization, the position of the cathode within HET magnetic might be able to 
influence how electrons propagate into the chamber for neutralization. The strength of this 
magnetization can be characterized by the electron Hall parameter. The electron Hall 
parameter is defined as the ratio of the electron cyclotron frequency to the electron-neutral 
collision frequency. In general, the Hall parameter is a way to quantify the magnetization 
of charged particles by comparing the tendency of the motion of the particle to be 
dominated by the magnetic field or through collisions with other particles. The Hall 










where β is the electron hall parameter, Ωe is the electron gyro-frequency, νe is the electron-
neutral collision frequency, e is the elementary charge, B is the magnetic field strength, and 
me is the mass of the electron. An electron Hall parameter of much greater than unity 
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implies that the electrons are magnetized, i.e., the electrons are able to complete many 
orbits around their guiding center before colliding with a neutral particle. In such a 
condition, the electron motion is confined by the magnetic field lines and they traverse 
along these magnetic field lines. An electron Hall parameter much less than unity implies 
that the electrons are no longer magnetized, i.e. the electrons can experience neutral 
collisions, ion collisions, or surface collisions before being able to complete one orbit 
around their guiding center. In such a condition, the electron motion is no longer confined 
by magnetic field lines. 
By radially moving the position of the cathode relative to the HET (a notional 
diagram of this is shown in Figure 2), we can control the electron Hall parameter at the 
cathode orifice and move the cathode between spatial regions of strong electron 
magnetization and weak/no electron magnetizations. In doing so, we can control the 
available pathways that electrons sourced from the cathode can terminate and electrically 
exit the HET discharge circuit. 
3.2.1.2 Bias of the downstream axial plate 
The bias electrode work of Frieman, et al. [72] demonstrated that the voltage of 
witness plates placed inside the vacuum chamber can affect the cathode-to-ground potential 
of the HET circuit. This change was driven by electron current collection on the witness 
plates. Since the primary plasma source in the vacuum chamber environment is the HET, 
collection of electrons on these witness plates demonstrate a way to influence the electron 
termination pathways. In pursuit of overall goals of this work, this research effort uses the 
witness plate scheme to control the electron termination pathways and measure the impact 
of this change on HET operation. 
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3.2.2 Thruster Body Bias Voltage Control Methodology 
The HET thruster body and magnetic circuit elements are made of electrically 
conductive materials and may be another important charge recombination pathway present 
in both the on-orbit and ground testing environment. As with the chamber walls, a spatial 
variation on charge flux incident on these conductive surfaces means that the thruster body 
thruster body can become a viable surface for charge recombination to occur. From a time-
averaged/steady-state perspective, the magnetic field of the HET serves to already create 
spatial variations in the charge flux on incident surfaces. Electrons sourced from the 
cathode are guided towards specific spatial locations and the acceleration of ions near the 
discharge channel exit plane and the locally high neutral number density spatially 
concentrates charge-exchange ion production [25, 26, 74] to the near exit plane of the HET. 
Time-resolved electric field measurements near the HET discharge channel exit plane also 
demonstrate time-varying spatial distributions of plasma properties due to the oscillatory 
nature of the HET plasma discharge [63, 75]. As long as the spatial distribution of charge 
flux does not change from ground testing to on-orbit, then there should be no appreciable 
effect in HET operation. In the flight environment, the HET thruster body is typically 
electrically connected to the satellite system common [49, 51]. This configuration is to 
prevent charge accumulation between satellite bus and the HET chassis. In the ground 
testing environment, the thruster body is typically electrically grounded. In both the on-
orbit and the ground-testing cases, the floating potential of the HET circuit is set via the 
cathode [3, 37, 65, 69]. In the ground-testing environment, the cathode floating voltage is 
below earth ground while the thruster body can be electrically floating or grounded. The 
flight data gathered about the SMART-1 PPS-1350G HET demonstrates that different 
voltages of the thruster body relative to the HET electrical circuit are possible. Figure 14 
shows a diagram that illustrates the key HET voltage references in the typical ground test 
and from the SMART-1 flight data and how those voltage differences can influence the 
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possible pathways electrons can follow. As the thruster body was electrically connected to 
the satellite bus common [51, 53], a change in sign of the cathode-to-satellite bus common 
results a change in sign of the thruster body-to-HET floating circuit voltage. A change in 
sign of the thruster body-to-HET floating voltage means electrons generated by the cathode 
that were accelerated towards the thruster body would be repelled by the thruster body. 
Because this behavior has been observed on spacecraft, it sets up the possibility that the 
spatial charge flux distribution could change between ground testing and in-flight 
operation. These factors indicate that the thruster body voltage relative to the HET floating 
circuit voltage (i.e. cathode-to-ground voltage) is an important variable to control. By 
controlling the voltage of the thruster body relative to ground (via voltage biasing or by 
controlling the resistance to ground of the thruster body), this work is able to vary the 
thruster body-to-cathode voltage. 
 
 
Figure 14:  Relative potentials of key HET electrical references A) Typical ground 
testing environment B) Typical on-orbit environment C) Elevated cathode 






3.3 Measurement Characteristics Key to the Research Goals 
For each of the experimental configurations it is important to identify the key 
measurements to be able to address the aforementioned research goals. The following 
section details those measurements. 
3.3.1 Measurements Regarding the Hall Effect Thruster 
In order to address the outlined research goals, it is necessary to characterize the 
HET while it is operating. Based on the literature and the physics governing HET 
operation, the characteristics of interest are subdivided into three separate categories: the 
plume of the HET, the electrical circuit of the HET, and the thrust generated by the HET. 
As discussed in Chapter I and Chapter II, the thrust of the HET is affected by many different 
factors and is a key operational characteristic that is used to derive other operational 
characteristics of the HET such as but not limited to: the specific impulse and the anode 
efficiency. Therefore, it is important to directly measure the HET thrust response to any 
changes in the charge recombination currents. The plume of the HET has already been 
shown to be affected by external electrical factors [72]. These changes are expected to 
occur to the plume plasma potential. If the plume plasma potential has regional variations, 
then the structure of the near field plume may also change. This would in-turn affect the 
ion beam divergence or the ion energy distribution function. Therefore, it is important to 
characterize the HET plume’s response to changes in the charge recombination currents by 
measuring changes in the plume’s plasma potential, the beam divergence, and the ion 
energy distribution function. The components of the electrical circuit of the HET of interest 
are the discharge current and the cathode-to-ground voltage. The cathode-to-ground 
voltage is a measurement of the HET circuit floating voltage and has been demonstrated to 
depend on external electrical factors[51, 55]. The discharge current of the HET is directly 
impacted by the physical mechanisms that govern the HET discharge. Therefore, it is 
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important to characterize the HET electrical circuit response to changes in the charge 
recombination currents by measuring changes in the cathode-to-ground voltage and the 
HET discharge current. By characterizing the HET’s thrust, plume, and electrical response 
to changes in the recombination currents this work is able to address the overall research 
goals.  
3.3.2 The Electrical Witness Plates and Conductive Surfaces 
Since the chamber and thruster body recombination currents are inherently 
electrical, it is necessary to gain an understanding of the electrical properties of these 
recombination currents. As described in the control methodologies section, the use of 
electrical witness plates is used as an indicator of changes occurring in the overall chamber 
and thruster body recombination currents. For electrical configurations where the witness 
plates are electrically grounded, it is only important to measure the collected current, as the 
voltage of the plate is held at earth-ground. For electrical configurations where the witness 
plates’ voltage is controlled, it is important to measure both the current and the voltage of 
the witness plates. Spatial variations in the current collected on the electrical witness plates 
indicate the potential for a recombination current to form and changes in those spatial 
variations are indicative of changes to the recombination currents. Since the HET is the 
primary plasma source in the testing environment, changes in the current or voltage of the 
witness plate are also indicative of changes to the HET behavior. By measuring the current 
and voltage of the electrical witness plates and characterizing the chamber wall and thruster 




CHAPTER IV  
EXPERIMENTAL APPARATUS 
In the previous chapters, we discussed the fundamentals of HET operation, the state 
of research in facility effects, documented in-space behavior of HETs that deviates from 
our current understanding of facility effects, the research goals of this work, and the control 
methodologies used to investigate those research goals. In this chapter, we discuss the 
experimental equipment and the experimental techniques used in the analysis of the data 
gathered in this thesis. For each control methodology, there is a specific experimental 
configuration. Those specific experimental configurations are described in Chapter V 
before the results of each experimental configuration is presented. 
4.1 Testing Facility 
All experiments were performed in the Vacuum Test Facility 2 (VTF-2) at the 
Georgia Institute of Technology High-Power Electric Propulsion Laboratory (HPEPL). 
The VTF-2 is a stainless-steel chamber measuring 9.2 m in length and 4.9 m in diameter. 
It is evacuated to rough vacuum using one 495 CFM rotary-vane pump and one 3800 CFM 
blower. High-vacuum is achieved using 10 CVI TM-1200i re-entrant cryopumps that have 
a liquid nitrogen cooled shroud and a helium cold-gas cycle cooled pumping surface. The 
cryopump shrouds are fed using the Stirling Cryogenics SPC-8 RL special closed-loop 
nitrogen liquefaction system detailed by Kieckhafer and Walker [76]. The vacuum facility 
can be configured to operate on any number of cryogenic pumps available. With all 10 
cryopumps operating, the facility has a combined nominal pumping speed of 350,000 l/s 
on xenon and can achieve a base pressure of 1.9 × 10-9 Torr-N2. Pressure in the VTF-2 was 
monitored using two Agilent BA 571 hot filament ionization gauges controlled by an 
Agilent XGS-600 Gauge Controller. Pressure measurement uncertainty of the Agilent BA 
571 is expected to be +20%,-10% of indicated pressure [44]. One gauge was mounted to a 
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flange on the exterior of the chamber while the other was mounted 0.6 m radially outward 
from the thruster centered on the exit plane. In order to prevent plume ions from having a 
direct line of sight to the ionization gauge filament of the interior ion gauge and potentially 
affecting the pressure measurement, a neutralizer identical to the one used by Walker and 
Gallimore [16] was attached to the gauge orifice. Because the ion gauge is an indirect 
method of pressure measurement, the pressure read from the device is highly dependent on 
the present gases. In general, these ion gauges are calibrated against pure nitrogen gas and 
have to be corrected for a differing ambient neutral gas [44]. As specified by the 
manufacturer, the corrected pressure (𝑃𝑐) is found by relating the indicated pressure (𝑃𝑖) 










4.2 Plasma Source 
A key component of this investigation is the plasma source. Due to the observed 
in-flight abnormalities being specifically related to HETs, it is only natural that a HET 
serve as a representative HET testbed. The following section detail the testbed HET, 
cathode selection, propellant systems, and HET electrical circuit. 
4.2.1 T-140 HET 
Because of the variety of differing HET designs employed and the strict control of 
information related to flight proven HET technologies selection of the representative test 
bed HET is difficult. To be able to reproduce the key physical phenomenon investigated, 
the HET selected needed to have similar power levels and discharge voltages to what has 
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been used and is being used in orbit. Based on thruster specifications of the Snecma PPS-
1350 (used on SMART-1), Fakel SPT-100 (used on Russian Express satellites), and the 
BPT-4000 (used on domestic satellites), a HET designed to operate in the kW power level 
range and the ~300 V discharge voltage is desirable [7, 41, 47, 51, 53]. These requirements 
are met by the Aerojet Rocketdyne T-140 HET originally developed by Space Power, Inc. 
in collaboration with the Keldysh Research Center and Matra Marconi Space [40]. The T-
140 HET is a laboratory-model HET that has a discharge channel made of M26 grade boron 
nitride with an outer diameter of 143 mm and a nominal discharge power of 3 kW and a 
maximum discharge voltage of 400 V. The 140 HET thruster was designed as a domestic 
alternative to the Russian made Fakel SPT HETs, but was never developed into flight 
maturity. In pursuit of the T-140 HET development goals, the performance of the T-140 
has been extensively mapped by prior investigations [40]. These aforementioned factors 
make the T-140 HET a good test-bed for examining the interactions between with facility 
chamber while being able to freely access and discuss pertinent information. 
4.2.2 Cathode 
Another important factor in the HET discharge circuit is the cathode (i.e., electron 
source). The tested cathode with the T-140 in prior performance mapping, performed by 
W. Hargus, et al. [77] is unavailable and so other cathodes are considered. The main driving 
factor for selection of the cathode is the discharge current (electron current) that can be 
supplied by the cathode. The T-140 HET operates at a nominal 10 A of discharge current 
and so a cathode with at least 10 A current capacity is desirable. The Electric Propulsion 
Laboratory Hollow Cathode Plasma Electron Emitter (HCPEE) 500 series cathode is 
selected as the cathode because of its ability to supply up to 50 A of discharge and low 
self-heating current of the cathode. Using magnetic field simulations of the T-140 HET 
and optimizing the location of the cathode, the nominal location of the cathode orifice is 
located approximately 2.5 cm downstream of the thruster exit plane at a fixed declination 
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of 55 degrees with respect to the thruster centerline. The nominal radial position of the 
cathode was 18.1 cm outwards from thruster centerline. The cathode was located at the 9 
o’clock position of the thruster. Typical cathode mass flow rates are 10% of the anode mass 
flow rate. 
4.2.3 Propellant System 
High-purity (99.9995%) xenon propellant is supplied to the thruster and cathode 
using seamless 316 stainless-steel lines metered with MKS 1179A mass flow controllers. 
The mass flow controller for the anode propellant line has a range of 200 SCCM, and the 
mass flow controller for the cathode has a range of 20 SCCM. The controllers are calibrated 
before each test by measuring gas pressure and temperature as a function of time in a known 
control volume. After calibration, the mass flow controllers have an uncertainty of ± 0.03 
mg/s (5.1%) for the cathode flow and ± 0.12 mg/s (2%) for the anode flow [78]. 
4.2.4 Electrical Circuit 
The T-140 HET discharge is controlled using a Magna-Power TSA800-54 power 
supply. The thruster inner and outer magnet coils are powered with TDK-Lambda GEN60-
25 power supplies. A TDK-Lambda Genesys 150 V-10 A and a TDK-Lambda Genesys 40 
V- 38 A power supply is used to power the cathode keeper and heater, respectively. The 
thruster discharge supply is connected to a discharge filter consisting of a 95-µF capacitor 
and 1.3-Ω resistor in order to attenuate oscillations over 1.4 kHz in the discharge current 
from reaching the discharge supply. Diagnostic and power connections enter the VTF-2 
through separate feedthroughs on separate flanges to eliminate potential cross-talk between 
the thruster discharge power lines and diagnostic lines. Figure 15 shows the circuit used to 




Figure 15: Electrical diagram of current and voltage measurements of the HET 
discharge circuit 
 
4.3 Chamber Plates 
Since it is logistically impractical and potentially dangerous to float the entire 
vacuum facility wall, a more localized approach is taken to assess the impact of the 
conductive walls of the vacuum chamber facility on HET operation. As Frieman, et al. [72] 
demonstrated, the use of large electrodes in the HET plume have the ability to influence 
the HET electrical circuit. This thesis effort uses electrically conductive plates as 
representative chamber surfaces. By controlling the electrical boundary condition of these 
witness plates and measuring the corresponding voltage of or current collected from the 
plates, this research effort is able to examine the connection between the HET electrical 
circuit and the walls of the vacuum facility. 
4.3.1 Locations of Plates 
Since the chamber witness plates are a localized electrical measurement, it is 
imperative to place them in plasma locations that are characteristic of key regions of the 
HET plasma environment. In a HET vacuum facility environment there is plasma 
throughout the testing volume. The plasma environment of the HET has two distinct 
regions in the vacuum test facility: the plume and the off-axis region [3]. The plume of the 
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HET contains large population of the ions that are accelerated by the HET discharge. These 
ions are uniquely different from the charge-exchange ions that are produced through ion-
neutral collisions. The ions accelerated by the HET discharge have a much larger kinetic 
energy than charge exchange ions and a bulk velocity that is directed downstream. In 
general, the plasma within the plume of the HET has a higher plasma density, electron 
temperature, and plasma potential than compared to the plasma located in the off-axis 
region. The plasma in the off-axis region of the HET is primarily composed of ions that 
generated through charge exchange. The vacuum facility is filled with ambient neutral 
propellant atoms and those neutrals are thermalized through collisions with chamber 
surfaces. These ambient neutrals can collide with ions generated by the HET discharge and 
exchange charge. This results in a highly energetic neutral and a thermalized, low-energy 
ion. The low-energy, thermalized ions drift outwards from the HET plume and fill the test 
facility volume.  
For the HET plume plasma environment, placement of the chamber witness plate 
is straightforward. The chamber witness plate needs to be inside the plume of the HET. To 
ensure that axial chamber plate is unobtrusive as possible, the chamber witness plate needs 
to be placed as close to the walls of the facility as possible. Based on those two 
aforementioned constraints, the chamber plate is placed 4.3 m downstream from the exit 
plane of the thruster, centered along the thruster centerline. This distance is the closest to 
the rear wall of the vacuum chamber without contacting any of the facility surfaces. This 
chamber plate referred to as the “axial chamber plate” or the “axial plate” throughout the 
rest of this work. 
Because the off-axis plasma environment encompasses all testing volume outside 
of the HET plume, placement of the chamber witness plate is not as straightforward as the 
axial chamber plate. The chamber witness plate in the off-axis plasma must be placed in a 
region where the local plasma ions are primarily composed of charge exchange ions, and 
 47 
 
the chamber plate should be placed as unobtrusively as possible. Additional guidance can 
be drawn from the results of the SMART-1 mission. During the SMART-1 mission, the 
electrical circuit of the HET was significantly altered when exposed low-voltage contacts 
had direct line of sight with HET plume [55]. These solar panel contacts were not in the 
direct ion beam of the HET but were in the ambient plasma. Drawing from those results, 
the chamber witness plates should also be placed in an area that has direct line-of-sight 
with the HET plume. This immediately removes regions of wall space behind the HET and 
regions below the support structures attached to the bottom of the vacuum chamber from 
consideration. This leaves the regions along the sidewalls of the vacuum chamber that are 
above the floor support structures. A natural consequence of the beam divergence of the 
HET is that as the distance away from the HET exit plane increases there is an expected 
increase in HET accelerated ions impacting the sidewalls of the chamber. Since the goal of 
the second chamber plate is to be in a region of plasma that is dominated by charge-
exchange ions, the sidewalls of the chamber closest to the exit plane of the thruster is 
preferable. In terms of clocking of the chamber plate, Xu and Walker [21] demonstrated 
that the azimuthal placement of the cathode can influence the HET plume structure. Since 
one method of controlling the influence of the vacuum chamber on the HET electrical 
circuit is change the position of the cathode, placement of the chamber plate on the side 
that the cathode is mounted is preferential. The chamber plate in the charge-exchange 
environment is placed 2.3 m radially outward from the thruster centerline and centered on 
the exit plane of the T-140 HET and is referred to as the “radial chamber plate” or “radial 
plate” throughout the rest of this work. 
4.3.2 Design of Plates 
The chamber witness plates consist of two 0.91 m x 0.91 m x 0.16 cm thick square 
aluminum plates. The witness plates were isolated from electrical ground using G-10 
fiberglass bolts and washers. The resulting electrical resistance of these to ground was 
 48 
 
greater than 1.5 GΩ measured at 250 V. The radial plate was mounted adjacent to, but 
electrically isolated from, the walls of the vacuum test facility. RG-58 cabling is electrically 
connected to the radial chamber plate. This cabling is routed to one of the BNC vacuum 
feedthroughs and the electrical connection terminates inside the control room. Figure 16 
shows an image of the radial chamber plate installed in the vacuum chamber. The axial 
plate is mounted as far down downstream as possible. The axial chamber plate is mounted 
such that the center of the plate is aligned with the HET centerline. Depending on the 
testing configuration, either RG-58 or 6-AWG wire is electrically connected to the axial 
plate. Like the radial plate electrical connection, the axial plate cabling is connected one of 
the vacuum chamber feedthroughs and is terminated inside the control room. Figure 16 
shows an image of the axial chamber plate installed in the vacuum chamber. 
 
 




4.4 Thruster Body Plates 
To further understand how the thruster body interacts with the HET electrical 
circuit, electrical witness plates are used. Like the chamber witness plates, the thruster body 
current or voltage is measured to examine the electrical interaction with the HET electrical 
circuit. In general, the locations of the thruster body witness plates already have electrical 
continuity to the thruster body and have electrically conductive surfaces exposed to the 
plasma, it is not expected that placing small, witness plates in this area will disturb the 
surrounding plasma environment. 
4.4.1 Locations of Plates 
 Like the chamber witness plates, the thruster body witness plates are placed in 
regions that have distinct plasma environments. Like the chamber witness plates, there are 
regions of the thruster body that are directly exposed to the HET discharge plasma and 
other regions that are primarily exposed to charge-exchange plasma. Based on the time-
resolved results from Lobbia [75] and Vaudolon, et al. [63], the electrical witness plates 
are placed in locations as shown in Figure 17 and Figure 18. For electrical chamber plates 
labeled “TP2” and “TP3”, the thruster body witness plates are placed in regions where 
there are magnetic fields lines that intersect the thruster body surface, as shown in Figure 
18. These magnetic field lines in these locations are strong enough to magnetize local 
electrons and can guide those electrons onto those surfaces. Because of these magnetic 
field lines, it is expected that these electrical witness plates will collect a net electron flux. 
Due to the external mounting of the cathode, it is important to place electrical witness plates 
on the cathode facing side of the HET body and the opposite side of the HET body, as 
shown in Figure 17. 
 However, not all components attached to the thruster body are electrically 
conductive to the plasma. Due to the proximity of magnetic circuit pole pieces to the HET 
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discharge plasma, exposed surfaces of the magnetic circuit elements of HET are coated 
with electrically non-conductive material. The mounting screws for these magnetic pole 
pieces do not necessarily have these electrically insulating coatings and are exposed to the 
ambient plasma. The inner magnetic pole piece for the T-140 HET, has mounting screws 
that are electrically exposed to the HET plasma environment, and so a thruster body 
chamber plate, labeled “TP1” is placed in that area, as shown in Figure 17. In the spatial 
location of TP1, the plasma environment consists of the bulk ion production and 
acceleration. With the presence of the high-energy ions, there is an expected flux of ions 
to impinging on the magnetic pole elements due to electrostatic potential gradients and 
charge-exchange ion production [25, 26, 74]. 
 
 
Figure 17:  T-140 HET and installed witness plate locations. Witness plate 
encircled in red Left) Front view of thruster Right) Opposite side of the cathode 





Figure 18:  Diagram of the magnetic field topology labeled to show placement of 
witness plates Magnetic field magnitude (Bmag) is normalized by the maximum 
magnetic field strength along the thruster discharge channel centerline (Bmax) 
 
4.4.2 Design of Thruster Body Plates 
The design of the thruster body witness plates follows similar design principles as 
the chamber:  electrical isolation and non-invasive placement. Since there are two distinct 
plasma environments and geometric constraints of the thruster body plates, there are two 
different designs for the thruster body plates. For TP2 and TP3, the thruster body plates are 
placed on the HET support chassis. These plates consist of 0.159 cm thick, 5.08 cm x 10.16 
cm aluminum that is bent to match the curvature of the HET support chassis. The size of 
the plates is the largest that would physically fit into the two selected areas while still being 
able to be electrically isolated from the thruster body chassis. To maintain electrical 
isolation from the thruster body plates, the thruster body facing sides of the plates are 
coated with Aremco Ceramadip ceramic coating. Attachment of TP2 and TP3 to the 
thruster body chassis is accomplished using Permatex High Temperature Red RTV, acid-
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cure silicone. Because these areas do not have direct line-of-sight to the HET discharge 
plasma, the temperature of the TP2 and TP3 is within functional temperature limits of the 
Permatex High Temperature Red RTV, acid-cure silicone. The electrical resistance 
between TP2, TP3 and the thruster body chassis is measured to be greater than 20 MΩ 
using a Fluke 87V model digital multi-meter. Figure 17 shows TP2 and TP3 as installed 
on the T-140 HET. An aluminum electrical contact comes off the plate surface, to which 
14 AWG silicone jacket wire is attached. On the aluminum electrical contact, exposed 
metal area is covered in self-vulcanizing silicone tape. 
For TP1, this thruster body witness plate is directly exposed to the HET thruster 
plume and discharge plasma. Because of the significant temperature load expected on 
thruster body plate TP1, the plate is made out of 316 stainless steel. The plate is 0.159-cm 
thick and has an outer diameter of 3.81 in. and an inner hole diameter of 1.02 inches. A 
steel electrical contact tab is spot welded to the rear of the plate. The rear side of the thruster 
body plate is coated with Aremco Ceramadip and the plate is bonded to the HET inner 
magnetic pole piece using Aremco Ceramabond ceramic adhesive. Attached to the steel 
electrical contact is 14-AWG silicone jacketed wire. The wire is run through the pre-
existing hole in the inner magnetic bobbin of the HET and runs through the inside of the 
thruster body chassis volume. Electrical isolation between the thruster body witness plate 
and the thruster body chassis is measured to be greater than 20 MΩ using a Fluke 87V 
model digital multi-meter. Figure 17 shows TP1 mounted on the HET. 
4.5 Diagnostics 
 In the following, a description of the diagnostics and the methodologies used with 
those diagnostics are discussed. The main goal of this discussion is to detail the thought 
process used in selection of the probes, the properties each diagnostic was used to measure, 
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and the uncertainty of each of the measurements. The actual experimental configuration of 
these diagnostics are discussed prior to each section of the results section.  
4.5.1 Plume Diagnostics 
4.5.1.1 Langmuir Probes 
4.5.1.1.1 Plume 
The ion and electron number densities are measured using a cylindrical Langmuir 
probe. Langmuir probe sweeps are performed at select thruster-to-centerline angles at a 
radius of 1 m from thruster centerline and discharge exit plane. The probe used for plume 
measurements is constructed using a 0.13 mm diameter, 22.6 mm long tungsten tip housed 
inside an alumina tube. The probe is bent at a right angle such the probe tip was not pointed 
at the HET and is pointed 90° out of the plane of the probe arm sweep. The bend in the 
probe was done to minimize the effect of the probe tip on the I-V trace of the Langmuir 
probe [79-81]. A Keithley 2410 1100 V Sourcemeter is used to control the probe tip bias 
and measure the collected current. During each current-voltage sweep, the tip voltage is 
varied over a range of -50 V to 100 V in 0.2 V increments with a 300-ms dwell time. Two 
sweeps are taken per measurement and are averaged together before processing. The results 
are interpreted using orbital-motion-limited (OML) theory with an expected uncertainty in 
ion and electron density measurements to be ± 40% and an electron temperature uncertainty 
of ± 0.2 eV [79, 82]. 
4.5.1.1.2 The Chamber Plates 
In front of the radial chamber, a cylindrical Langmuir probe of made of 0.13 mm 
diameter, 48.8-mm long, tungsten filament is placed housed in an alumina tube. The probe 
is mounted in the center of the radial plate and the plate to cylindrical distance is 177.8 
mm. A Keithley 2410 1100 V Sourcemeter is used to control the probe tip bias and measure 
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the collected current. During each current-voltage sweep, the tip voltage is varied over a 
range of -50 V to 100 V in 0.2 V increments with a 300-ms dwell time. The results are 
interpreted using orbital-motion-limited (OML) theory with an expected uncertainty in ion 
and electron density measurements to be ± 40% and an electron temperature uncertainty of 
± 0.2 eV [79, 82] 
Because of the differing plasma conditions near the axial chamber plate, 
measurement of the plasma properties was performed differently than at the radial chamber 
plate or on for the plume Langmuir probe measurements. Near the axial chamber plate, a 
significant population of ions consist of ions accelerated by the HET. These accelerated 
ions have energies on the order of the discharge voltage and a bulk velocity that is directed 
downstream [3]. This makes it difficult to interpret data collected using classical cylindrical 
or spherical Langmuir probes. The traditional sheath models used to calculate the local 
plasma properties assume the plasma properties are direction invariant [79, 83, 84]. The 
HET accelerated ions have bulk directionality and break this assumption. In such a 
situation, the probe itself creates a shadow effect and results in two very different plasma 
conditions around the probe. The region of plasma in-front of the probe has an ion 
population that contains a significant number of the HET accelerated ions, and the region 
of plasma behind the probe has an ion population that is primarily composed of charge 
exchange ions. In order to properly characterize the plasma environment in front of the 
axial chamber plate, it is then desirable to use a Langmuir probe that only measures the 
plasma properties in front of the probe. As discussed by Oksuz and Hershkowitz [85], 
“half-plate” Langmuir probes are typically undesirable because they only measure the 






Figure 19:  Axial Plate Langmuir Probe 
 
Figure 19 shows the axial plate Langmuir probe. The collector disc of the probe is 
a 21.6-mm diameter stainless steel disc. To help reduce the amount of secondary electron 
emission through ion collisions with the metallic surface, the disc is coated in plasma-
sprayed tungsten. The probe is attached to a stainless steel #8 threaded rod and housed in 
an alumina housing. The rear and side surfaces of the probe are insulated from plasma 
using Aremco Cermadip coating. The probe is mounted in the center axial plate, the 








A Keithley 2410-1100 V Sourcemeter is used to control the probe voltage bias and 
measure the collected current. During each current-voltage sweep, the tip voltage is varied 
over a range of -20 V to 20 V in 0.2 V increments with a 300-ms dwell time. Due to the 
current limitations in the Keithley Sourcemeter and size of the planar Langmuir probe, the 
voltage sweep range is limited to the aforementioned -20 V to 20 V range. To ensure that 
the axial plate I-V sweep covered the necessary voltages, a Xantrax 60V-9A power supply 
biases the reference side of the Sourcemeter. The probe data is interpreted using standard 
planar probe theory [85, 86]. Based on the theory, it is expected that the electron 
temperature can be measured to ± 0.2 eV and the plasma density can measured to within ± 
40% [79]. 
 
4.5.1.1.3 Estimating the Plasma Potential with Langmuir Probes 
In general, it is possible to measure the plasma potential with a Langmuir probe. 
The plasma potential is traditionally determined by the voltage at which the collection 
current “knees” over [79]. This occurs between the exponential growth region and the 
electron saturation region of the I-V sweep. There are many factors, however, that cause 
this knee to broaden making it difficult to measure out the exact voltage, so it is common 
to extrapolate the curve fits between the exponential growth and electron saturation region 
and the intersection of these two functions occurs at the plasma potential [79]. Taking 
voltage sweeps into the electron saturation region can create its own problems. The 
resulting electron current onto the probe at high current can heat up the probe tip 
significantly. If the heating is high enough that the probe starts to thermionically emit, the 
I-V trace can be distorted. Chen, et al. [87] proposes another way to estimate the plasma 
potential from the floating potential. By measuring the electron temperature, the ion 
number density, and the floating potential of the plasma, one can calculate the plasma 
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potential as measured by a planar probe via Equation (11) [87]. For cylindrical probes and 
spherical probes, it is necessary to correct for geometric differences, and the correction 
function is shown in Equation (12) and Equation (13) [87]. This method can estimate the 
plasma potential with as much uncertainty as the knee method and has a plasma potential 
measurement uncertainty ± 20%. 
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Where Vf is the floating voltage, Vp is the plasma potential, Te is the electron temperature, 
e is the fundamental charge, mi is the mass of the ion, and me is the mass of the electron, rp 
is the radius of the probe, δl is the Debye length, and ηf is the geometric correction factor. 
 
4.5.1.2 Emissive Probes 
The emissive probe is used to measure plasma potential. The probe tip used for this 
work is constructed from a loop of 0.13 mm-diameter, thoriated-tungsten wire housed in a 
4.8-mm double-bore alumina tube. Emissive probe sweeps were performed at select 
thruster-to-centerline angles at a radius of 1 m from thruster centerline and discharge exit 
plane. The inflection point method was used for data collection. In this method, the probe 
is heated and then the emission current is monitored as the probe bias voltage is swept in a 
manner similar to that used with Langmuir probes. The changing characteristic of the 
emission current trace as a function of applied bias voltage is then used to determine the 
plasma potential [88]. During each measurement, the heating current to the emissive probe 
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filament is held at five different heating current values to change the electron emission of 
the probes. These heating current values varied throughout the probe lifetime, but are 
within a range between 1.2 A to 2.2 A. One bias voltage sweep was taken per emissive 
probe filament heating current. During each bias voltage sweep, the probe voltage is varied 
over a range of 0 to 100 V in 1-V increments with a 300-ms dwell time. The inflection 
point is then found in each of the I-V traces for each of the different heating current levels, 
and the plasma potential was found by linearly extrapolating these values to zero emission 
[88]. The uncertainty associated with this method is approximately ± 0.5 V [88]. The 
heating current was controlled using a Xantrex XPD 60-9 power supply. The probe bias is 
controlled by a Keithley 2410 1100 V Sourcemeter and the current is measured using the 
same Keithley 2410 Sourcemeter. The sourcemeter is controlled using a LabView Virtual 
Instrument to ensure synchronous recording of the probe bias voltage and emitted current. 
4.5.1.3 Faraday Probes 
The ion current density was measured using a nude-type JPL Faraday probe [89]. 
Faraday probe measurements occurred continuously along a 180° 1 m ± 0.01 m arc that is 
centered along the HET centerline and exit-plane. Angular resolution during the sweep was 
limited by the multiplexor hardware required settling time given a measurement voltage 
range. Angular resolution ranges from 0.34° in the “wings” of the plume to 0.2° in the 
center of the HET plume. The diameter of the collector is 2.31 cm. The probe has guard-
ring diameter of 2.54 cm with a 0.036-cm gap between the collector and guard ring. The 
guard-ring and collector is biased to -30 V below ground for all axial plate bias voltages. 
To measure the current flowing to the collector, the voltage drop across a 100 Ω ± 1% 
precision resistor was measured using an Agilent 34980A Mainframe with an Agilent 
34922A armature multiplexor. Rotary table encoder information and voltage drop 
measurements were taken using a LabView Virtual Instrument to ensure synchronous 
recording of angular position and voltage drop across the shunt resistor. Data reduction and 
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correction factors used to calculate the ion current density from the Faraday probe data was 
performed according to Brown [90] and Brown and Gallimore [18]. 
4.5.1.4 Retarding Potential Analyzer 
The ion energy distribution in the thruster plume was measured using a retarding 
potential analyzer (RPA). An image of the RPA used in this experiment is shown in Figure 
21. The RPA is a well-known diagnostic that uses a set of electrostatically biased grids to 
act as a high-pass energy filter and selectively filter ions based on the ion energy [91]. The 
resulting measured current collection is the cumulative density function of the ions within 
the plasma. To obtain the ion energy distribution function, the numerical derivative is 
applied to the voltage and current sweep obtained. The grids are (in order from the plasma 
from the collector): the floating grid, the electron repulsion grid, the ion repulsion grid, and 
the electron suppression grid. The floating grid is allowed to electrically float in order to 
shield the plasma from perturbations caused by the presence of the probe. The electron 
repulsion grid is biased negative relative to ground in order to prevent plasma electrons 
from reaching the collector. The electron suppression grid is similarly biased in order to 
repel any secondary electrons created within the probe. The ion repulsion grid is biased 
positive relative to ground in order to impede the motion of the incident ions, and thus filter 





Figure 21:  Front view of the RPA 
 
The electron suppression and repulsion grids were both biased to -30 V using two 
TDK-Lambda GENH 60-12.5 power supplies. The ion repulsion grid bias, swept from 0 V 
to 450 V, was controlled by a Keithley 2410 Sourcemeter and the collector current was 
measured using a Keithley 6487 Picoammeter. The grids have a 2.286 cm collection 
diameter and 31% open area. To prevent the RPA from overheating, the RPA is attached 
to a motion table system and is able to move to the same position as emissive probe 
measurements. RPA data were collected along a 1 m arc downstream from the exit plane 
of the T-140 HET. The RPA data is then corrected to account for the plasma potential 
measured in the same location. The variability in the RPA measurement of the ion energy 
distribution peak between sweeps of the same condition were ± 10%. 
4.5.2 Thrust Stand 
Thrust is measured using the null-type, water-cooled, inverted pendulum thrust 
stand of NASA Glenn Research Center design detailed in the work of Xu and Walker 
[92].The thrust stand consists of a pair of parallel plates connected by a series of four 
flexures that support the top plate and permit it to deflect in response to an applied force. 
The position of the upper plate is measured using a linear voltage differential transformer 
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(LVDT) and is controlled using two electromagnetic actuators. During operation, the 
current through each actuator is controlled using a pair proportional-integral-derivative 
(PID) control loops that use the LVDT signal as input and then modulate the current 
through the actuators in order to remove any vibrational noise (damper coil) and hold the 
upper plate stationary (null coil). The thrust is correlated to the resulting current through 
the null coil required to keep the upper plate stationary. The null coil current is recorded 
using a Cole-Parmer 200-mm flatbed recorder. The thrust stand is constructed primarily of 
aluminum and is surrounded by a water-cooled copper shroud in order to maintain thermal 
equilibrium. 
The thrust stand is calibrated by loading and off-loading a set of known weights 
that span the full range of expected thrust values. A linear fit is then created in order to 
correlate null coil current to force applied to the thrust stand. The thruster is shut down and 
a recalibration is performed every 40-60 minutes in order to minimize thermal drift of the 
zero position. In order to ensure the thruster is at thermal equilibrium, a warm-up period of 
3 hours is taken before thrust measurements begin. During this warm-up period, the thruster 
is run at the nominal condition of 3.1 kW. The thrust stand uncertainty for the data 
presented in this thesis is ± 3 mN (± 1.7% full scale). 
4.5.3 Electrical Circuit Diagnostics 
4.5.3.1 Oscilloscope Configuration 
In Chapter II, we discussed that the HET is a dynamic plasma device with many 
time-varying plasma modes. Since the HET is the dominate plasma source in the chamber, 
it is expected that the electrical interaction between the HET and the conductive walls have 
electrical characteristics in the frequency range similar to the fundamental plasma modes 
of the HET. With respect to the discharge of the HET, the fundamental plasma mode 
operates on the order of kHz [3, 31, 59]. Fortunately, common oscilloscopes available have 
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high enough sampling rates and memory depths to adequately capture electrical features 
on the kHz timescale, and the oscilloscope current and voltage probes have sufficient 
bandwidth to resolve the time-varying modes of the HET. For this work, two Teledyne 
Lecroy HDO6104 12-bit 2.5 GHz oscilloscope are used. This allows for the synchronous 
measurement of signals of up to eight different sources. The internal 10 MHz timing clock 
output of one oscilloscope was used as a clock reference to sync the second oscilloscope. 
Time delay between synchronous data capture of the two oscilloscopes is measured to be 
less than 26 ns. Depending on the experimental configuration, the scopes are either 
triggered via a current threshold of the discharge current or an external 5 V square wave 
trigger source. The configuration of the oscilloscopes is shown in Figure 22. For time-delay 
measurements, the oscilloscopes are configured for 2.5 GB/s sampling rate and a sample 
length of 12.5 MS. The triggering for data capture is set to be a current threshold. For power 
spectra measurements, the oscilloscopes are configured for a sampling rate of 125 MS/s 
and a sample length of 2 MS. The triggering for the data capture is handled by an Agilent 
33250A Function / Arbitrary Waveform Generator. The triggering waveform is a 5-V 
amplitude square wave with a 0.5-s period.  
For both types of oscilloscope configurations, pre-buffering of the waveform 
capture is employed. This is to ensure that all characteristics of the triggering event in the 
waveforms are captured. For oscilloscope configurations of 125 MS/s sampling rate, 2 MS 
waveform length, the pre-buffering is set to 50% of the entire waveform capture period. 
For oscilloscope configurations of 2.5 GB/s sampling rate, 12.5 MS waveform length, the 





Figure 22:  Diagram of Oscilloscope Triggering and Clock Sync 
 
4.5.3.2 Oscilloscope Probe Types 
4.5.3.2.1 Voltage Probes 
For all voltage measurements, passive voltage dividers are used. The voltage probes 
fall into two categories of voltage dividers: 10:1 and 100:1. Teledyne LeCroy PP018 10:1 
passive probes measure voltages of circuits that are not wired directly into the HET 
discharge supply. The PP018 passive probes have a frequency bandwidth of 500 MHz, a 
measurement accuracy of ± 1% of measured signal, and voltage limit of 600 V. Teledyne 
LeCroy PPE2KV 100:1 passive probes measured voltages of circuits that are directly 
connected to the HET discharge circuit. The PPE2KV passive probes have a bandwidth of 
400 MHz, a measurement accuracy of ± 1%, and a voltage limit of 2000 V. 
4.5.3.2.2 Current Probes 
 Traditional resistive current shunt measurements could not be used to measure the 
time-varying characteristics of HET and facility surface circuits. This is due to the 
resistance of the shunt having a frequency dependent resistance, which would artificially 
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influence the measured time-varying current. Fortunately, non-invasive active, high 
bandwidth DC current monitors are available for the Teledyne-Lecroy line of 
oscilloscopes. These active current monitors are similar to passive current monitors in that 
they can non-invasively measure the current and have wide frequency bandwidths. Due to 
magnetization of the components of the active current monitor and resistive heating of 
ferrous elements in the clamp, the maximum current measurable for a given active current 
monitor is frequency dependent. HET oscillations occur in the 10s of kHz. So when sizing 
these probes for HET circuit measurement, this derating must be taken into account. For 
example, a Teledyne Lecroy CP-030 has a nominal 30 A rating, but when measuring 
currents that oscillate in the 10s of kHz, the current monitor will only be able to measure 
up to 9 A accurately. Since Teledyne Lecroy oscilloscopes are used in this work and these 
active current monitors require manufacture specific interfaces, Teledyne Lecroy active 
current monitors were used to measure the time varying current of the various circuits 
investigated. The discharge current of the HET was measured using a Teledyne Lecroy 
CP-150 current monitor, which has a nominal current rating of 150 A and a derated (based 
on the HET being used) current rating of 60 A. Since the discharge current of the HET 
being used is expected to be in the 10 A range, this probe has sufficient capacity to measure 
the discharge current. The CP-150 has an accuracy of greater than 1% of the measured 
value, a noise floor of ± 6 mA, and a sensitivity of 100 mA/div. For the chamber plates 
current collection, Teledyne Lecroy CP-30 current monitors were used. The CP-30 current 
monitor has an accuracy of greater than 1% of the measured value, a noise floor of ± 2.5 
mA, and a sensitivity of 10 mA/div. For the thruster body plates, the expected current 
collection is expected to be in the mA to 100 mA range, so the Teledyne CP-30A current 
monitors are used. The CP-30A current monitor has an accuracy of greater than 1% of the 




4.5.3.2.3 Time Delay Induced by the Wiring Length 
 Due to the distance from the control room and the vacuum facility, it is important 
to estimate the amount of signal induced delay for certain measurements. Based on Johnson 
and Graham [93], the expected signal delay induced by line length is expected to be 4.9 
ns/m on RG-58 cable and 3.9 ns/m on 6-AWG THHN wire and RG-142 cable. Table 2 
shows the estimated time-delay induced by line length for the diagnostic wire lengths and 
the discharge current line length. All time-delay results presented have been corrected for 
the estimated cable induced time-delay. 
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4.5.3.3 Statistical and Fourier Techniques used for Analysis 
Due to the immense size of the captured waveform files from the oscilloscopes, it 
is necessary to use statistical and Fourier methods to reduce the data. In the following 
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sections, a summary of these techniques are discussed with respect to the electrical 
diagnostics data. 
4.5.3.3.1 Statistical Correlation 
Classical statistical correlation is used to assess whether or not the voltage or 
current waveforms measured from the chamber plates are coupled to the discharge plasma. 
The correlation coefficient between chamber plate electrical waveforms and the discharge 
current waveform is calculated via MATLAB. The coefficient is calculated via the 
following equations:  
𝑐𝑜𝑣(𝑋, 𝑌) = ∑












where X, Y, N, cov, and R are the set of numbers representing one waveform, the set of 
numbers representing the other waveform, the sampling size of the waveform, the 
covariance between the two waveforms, and the correlation coefficient between 
waveforms, respectively. The correlation coefficient is a measure of how likely a change 
in one waveform corresponds to a change in another waveform. For the purposes of this 
investigation, the distinction between waveforms that are strongly correlated versus 
waveforms that are weakly correlated is deemed important. A correlation coefficient near 
unity between two waveforms is classified as strongly correlated and a correlation 
coefficient near zero is classified as weakly or not correlated. When analyzing the results 
of the correlation analysis, changes from strongly correlated to weakly correlated or vice-
versa correspond to wholesale changes in the nature of the two waveforms being compared. 
From this perspective, for the purposes of this investigation, small changes, for example 
correlation coefficient changes from 0.95 to 0.91, are not deemed physically significant. 
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To evaluate whether this correlation is attributed to random happenstance and therefore 
trivial, the P-value is also calculated using a standard null hypothesis test. The P-value is a 
calculation of the percent probability of correlation calculated to be the result of a random 
sampling of two normal distributions or random processes. Classically, P-values below 
0.05 are indicative of the correlation between two waveforms due to non-random processes 
and therefore statistically significant. For the work in this thesis, the P-value is less than 
0.001 for all oscilloscope waveform captures. 
4.5.3.3.2 Fourier Transform and Frequency Domain Averaging 
Application of a Fast Fourier Transform (FFT) to a waveform taken in the time-
domain results in the waveform being resolved in the frequency domain; the square of each 
amplitude term in the series is known as the power spectrum. The power spectrum shows 
the distribution of power amongst the various fundamental frequency modes of a given 
signal. To obtain only the alternating current (AC) portion of the signal, the time-averaged 
mean from each waveform was subtracted from the raw waveform. An FFT was applied to 
that subtracted signal post thruster testing using MATLAB. In measuring the time-resolved 
current and voltage of the various circuits, peaks in the power spectrum can be then 
correlated to fundamental frequencies associated with different dynamic plasma 
mechanisms. One advantage of using high-speed oscilloscope diagnostics and high 
bandwidth probes is that they afford high frequency-space resolution. A consequence of 
application of the Fourier transform to real measured waveform is that the noise floor is 
amplified in the Fourier space. While the noise floor may be inherently small in the time 
domain, random fluctuations are amplified in the frequency domain and can either mask or 
artificially broaden peaks in the power spectrum. One way to combat this noise 
amplification is to average together multiple time-domain captured waveforms. Since the 
HET is an inherently unsteady, non-periodic plasma device, time-domain averaging 
becomes ineffective because the phases of the waveforms cannot be aligned with any 
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certainty. Work done in the field of laser diagnostics on HET have come up various 
methods for enforcing a periodicity to the HET discharge have been devised, but 
ultimately, such frequency locking techniques are invasive and not desirable [63]. 
Fortunately, a fundamental property of the Fourier transform is that the frequency 
information and phase information of a signal is separated into real and imaginary 
components. If the frequency information (real) is kept and the phase information 
(imaginary) is discarded, then the resulting transform signal becomes decoupled from time. 
Because the Fourier signal is no longer coupled in time, it is then possible to average 
together multiple Fourier transformed different signals without having to worry about 
aligning the signal phase. By averaging together, the real parts of a Fourier transformed 
signal, the true peaks are amplified and the peaks associated with random noise is 
attenuated. For this work, it was found that averaging 30 power spectra together resolved 
the power spectrum enough that fundamental modes could be identified. A progression of 
this averaging process is illustrated in Figure 23. It is important to note that the power 
spectra data presented for the cathode positioning experimental configuration is based only 
on a single waveform capture. The other experimental configurations, axial chamber plate 





Figure 23:  Side by side comparison of FFT Scans Left: 1 scan Right: Average of 
30 scans. The HET operating condition is 300 V, 3.1 kW 
 
4.5.3.3.3 Time-Delay Analysis Using Statistical Correlation 
 In general, the measurement of the time-delay between two signals can be done via 
computation of the cross-correlation. The cross correlation is calculated by computing the 
convolution integral between two entire signals for varying offsets as shown in Equation 
2. The time-offset that corresponds to the largest absolute value of the cross-correlation 
function can be interpreted as the time-delay between the two signals if only if the two 
signals are strongly correlated given the time-offset. Because of the unsteady nature of the 
HET discharge current, a more localized approach of the cross-correlation technique is 
used. In this localized approach, the cross-correlation between a subset of the discharge 
current, the reference waveform, and an equally sized subset of a secondary waveform is 
calculated. By varying the time at which the second subset starts, the convolution integral 
between the reference waveform subset and the secondary waveform is calculated as a 
function of time. The peak value as a function of time is the time delay between the 
reference waveform and the secondary waveform. For each of the waveform sets captured 
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at each cathode position location, the triggering threshold was set such that only the HET 
steady-state maximum peak of the discharge current triggered waveform capture. For each 
cathode position, the current threshold for that maximum peak had to be adjusted. For the 
T-140 HET, it was observed that such a maximum peak of the discharge current occurred 
only once per waveform capture period, thus making it a unique event in the waveform 
capture period. A representative sample of the discharge current peak trigger event is 
shown in Figure 24. In this work, a ± 0.1 ms length of time around the maximum peak of 
the discharge current peak that triggers data capture is referred to as the “discharge current 
peak event” and that a ± 0.1 ms length of time around the maximum peak of the discharge 
current peak The 2-ms length of time of this discharge current peak event remained fixed 
for all cathode positions. To help aid in the sensitivity of this analysis, the global mean of 
each respective signal is subtracted from each of the subsets before the convolution integral 
is computed as shown in Equation 2 and Equation 3: 
(𝒇 ⋆ 𝒈)(𝝉) ≡ ∫ 𝒇∗
∞
−∞
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where f is the reference waveform, g is the compared waveform, τ is the time-offset, and t 
is time. Since previous measurements of the discharge current power spectra [35, 94] show 
that the primary power containing frequencies are in the sub-100 kHz spectra range. 
Electrical waveforms (current and voltage) are post-process filtered through a 2nd-order 
Butterworth low-pass filter with a cut-off frequency of 100 kHz. This process removes 
frequency components in the compared waveform that were not directly sourced from the 
HET discharge. The entire time-delay measurement process was performed via MATLAB. 
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Figure 24 shows an individual case of the results of this calculation. The data shown are 
truncated to only show the calculated subsets of data that maximized the cross-correlation 
function. 
 To determine if this calculated time-offset corresponds to a statistically significant 
predicted time-delay, the correlation coefficient is calculated between the discharge current 
peak event and the subset of the waveform voltage or current data that maximizes the cross-
correlation function. The correlation coefficient can be used as indicator of statistically 
connected data. The threshold of the correlation coefficient that results in strong statistical 
significance is not well-defined and can be arbitrarily chosen. For this investigation, 
correlation coefficient values greater than ± 0.7 are deemed strongly statistically correlated 
and correlation coefficients below ± 0.3 are deemed weakly statistically correlated. It was 
found that from analysis of data that correlation coefficients below 0.6 resulted in zero-
time-delay or negative measured time-delay between the discharge current peak event and 
the other electrical waveform. In this work, signals with a correlation coefficient above 0.6 
but below 0.7 are designated as correlated and the measured time delay is statistically 
significant. A zero or negative time-delay was deemed to be non-physical because the cable 
path induced delay is on the order of 100 ns and the oscilloscope sample rate yields a 
temporal resolution of 0.4 ns. For the purposes of this investigation, small changes in the 
correlation coefficient are deemed unimportant. Large changes in correlation coefficient 
that change correlation between strongly correlated to weakly correlated are deemed 
important. When calculating the correlation coefficients, it is important to capture the 
likelihood of random happenstance impacting the calculated correlation coefficient. The 
calculation of the P-value is a way to quantify this effect of random happenstance and is 
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commonly used to determine the statistical significance of the correlation coefficient. Due 
to the large number of data-points (5.0 x 105 data points) measured during the 0.2-ms long 
discharge current peak event, the P-value calculated for the correlation coefficient values 
for all cathode position is of the order 10-3 and is an order of magnitude lower than the 
traditionally accepted 0.05 value. This indicates that the correlation coefficient calculated 
for all time-delays is statistically significant. This does not mean that all time-delays 
calculated for all cathode positions result in a statically significant correlation, but it means 






Figure 24:  (Top) Discharge current peak event at cathode position of 18.1 cm 
(Bottom) Corresponding segment of radial chamber plate current-to-ground. The 





Results of Experimental Investigation 
5.1 Cathode Positioning Experimental Configuration 
For this experimental configuration, the main goal is to examine how the vacuum 
facility interacts with the HET electrical circuit by manipulating the chamber 
recombination current pathway. To manipulate the chamber recombination current 
pathway, the HET thruster is operated at a fixed operating condition and the cathode 
position is translated outward radially from thruster centerline. At each radial cathode 
position, the thrust of the HET, the plume of the HET, the electrical characteristics of the 
HET electrical circuit, and the electrical characteristics of the chamber witness plates are 
measured and presented below. The section begins with an overview of the experimental 
layout of the configuration and then follows with the results of the cathode positioning 
experimental configuration. 
5.1.1 Experimental Layout 
The goal of this experimental configuration was to determine if moving the cathode 
position was able to impact the interaction between the HET electrical circuit and the 
vacuum facility. The overall experimental configuration for the cathode positioning work 
is shown Figure 25. The T-140 HET, the chamber witness plates, and the position of plume 
diagnostics are shown. It is important to note that for the cathode positioning work, the 
thruster body plates were not implemented and the overall current-to-ground or voltage 




Figure 25 Schematic of VTF-2 and the Layout of the Experimental Apparatus 
 
5.1.1.1 Cathode Translation 
 The nominal radial position of the cathode was 18.1 cm outwards from thruster 
centerline. Time-resolved measurements of the discharge current, radial chamber plate 
current and voltage, and axial chamber plate current and voltage were taken for the radial 
positions of the cathode orifice from 18.1 to 77.8 cm outward from the thruster centerline 
using a Parker Daedal 406XR precision linear motion stage with a 2000 mm travel. The 
positional uncertainty of the motion stage is ± 159 µm. Table 2 shows the computed 
strength of the magnetic field at the cathode orifice as a function of radial location away 
from the thruster centerline. The magnetic field topology listed in Table 2 is calculated 




Table 2:  Approximate magnetic field strength as a function of cathode orifice 
radial location away from thruster centerline. 
 






 The magnetic circuit configuration of the T-140 HET (two concentric coils centered 
on the thruster centerline) restricts the position of the magnetic field separatrix to the 
thruster centerline and precludes the T-140 HET from exhibiting the off-centerline 
separatrix surfaces shown in HETs with magnetic coils placed off thruster centerline [19, 
46, 64]. This magnetic field topology eliminates any concerns about the changing nature 
of the near-field plume properties and cathode coupling as a function of cathode position 
relative to the absent off-centerline separatrix surface [19, 46, 64]. 
5.1.1.2 Regions of Cathode Position 
 In order to more clearly discuss the HET and chamber plate behavior observed at 
various cathode locations, the discussion of the data presented in the following is divided 
into regions based on the electron Hall parameter. The electron Hall parameter is defined 
as the ratio of the electron cyclotron frequency to the electron-neutral collision frequency. 
In general, the Hall parameter is a way to quantify the magnetization of charged particles 
by comparing the tendency of the motion of the particle to be dominated by the magnetic 
field or through collisions with other particles. For clarity, a method to calculate the 













where β is the electron Hall parameter, Ωe is the electron gyro-frequency, ν is the electron-
neutral collision frequency, e is the elementary charge, B is the magnetic field strength, and 
me is the mass of the electron. An electron Hall parameter of much greater than unity 
implies that the electrons are magnetized, i.e. the electrons are able to complete many orbits 
around their guiding center before colliding with a neutral particle. In such a condition, the 
electron motion is confined by the magnetic field lines and they traverse along these 
magnetic field lines. An electron Hall parameter much less than unity implies that the 
electrons are no longer magnetized, i.e. the electrons encounter neutral and/or ion collisions 
before being able to complete one orbit around their guiding center. In such a condition, 
the electron motion is no longer confined by magnetic field lines. This approach was used 
by Frieman, et al. [22] and was able to segment the time-averaged data into regions of 
distinct behavior. The estimation of the electron Hall parameter at the cathode orifice as a 
function of cathode position is more thoroughly covered in Frieman, et al. [22]. The results 
of those regional demarcations based on electron Hall parameter are summarized here. It 
is important to note that the exact regional delineation based on electron Hall parameter is 
approximate, and there are transitional Hall parameters between electrons being 
magnetized and not magnetized. To help with the discussion, these regional positions listed 
in this work are demarcated by known positions of the cathode at which data was taken. 
Cathode positions from 18 cm to 22 cm from thruster centerline correspond to a region 
where the electron Hall parameter is much greater than unity. Electrons sourced from the 
cathode within this spatial region are confined to the magnetic field lines generated by the 
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HET magnetic coils. These cathode locations are referred to as “Region 1.” From cathode 
positions from 24 cm to 44 cm from thruster centerline correspond to a region where the 
electron Hall parameter is of order unity. Electrons sourced from the cathode are only 
weakly magnetized, electron Hall parameter of order unity, by the HET magnetic circuit. 
These cathode locations are referred to as “Region 2.” Cathode positions from 47 cm to 78 
cm from centerline correspond to a region where the electron Hall parameter is much less 
than unity. The thermal energy of the electrons sourced from the cathode allows them to 
propagate outward. These cathode locations are referred to as “Region 3.” In the following 
data figures shown, these regions are demarcated by a dashed line overlay. Because of the 
approximate nature of the regional divisions, there are cathode positions between labeled 
regions. 
5.1.1.3 T-140 HET Operating Conditions  
 All data was collected with the T-140 HET operating at a discharge voltage of 300 
V, discharge power of 3.16 kW, an anode xenon flow rate of 11.6 mg/s ± 0.03 mg/s, and a 
cathode xenon flow rate of 1.61 mg/s ± 0.12 mg/s. The operating chamber pressure as 
measured by the external ion gauge is 7.3 x 10-6 Torr-Xe, the operating chamber pressure 
as measured by the internal ion gauge is  1.3 x 10-5 Torr-Xe. The thruster discharge voltage, 
inner and outer magnet currents, anode mass flow rate, and cathode mass flow rate were 
held constant for all cathode positions and plate configurations. The thruster was run 
through a 3-hour conditioning cycle prior to data collection in order to allow the thruster 
to approach thermal equilibrium [40]. The discharge current of the T-140 HET is measured 
using a Teledyne Lecroy CP150 10 MHz current clamp (see Chapter 3 for technical specs). 
To be able to clearly measure the discharge oscillations, the discharge current is measured 
 79 
 
on the thruster side of the discharge filter. The discharge voltage relative to ground is 
measured using a Teledyne Lecroy PPE2KV 100:1 voltage divider and the cathode-to-
ground voltage is measured using a Teledyne Lecroy PPE2KV 100:1 voltage divider (see 
Chapter 3 for technical specs). These probes are placed at measurement points downstream 
of the discharge filter. Since the HET discharge circuit is a floating circuit, the discharge 
voltage of the HET is measured differentially as the difference between the discharge 
voltage relative to ground minus the cathode-to-ground voltage. For this experimental 
configuration, the HET discharge voltage is measured differentially using a Tektronix 
3034B, and the time-average of the differential waveform is used to verify that the HET is 
operating at the desired operating condition. 
 
 
Figure 26: HET Electrical Configuration 
 
5.1.1.4 Configuration of Plates 
Figure 27 shows each of the three plate electrical configurations used in this 
experiment. In all three cases, the electrical connection to the plates was made using a RG-
58 coaxial cable with a grounded shield that passed through a BNC feedthrough into the 
chamber. Based on current measurements made by Frieman et al. [22, 72], the current 
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capacity of the inner conductor is sufficient and would not pose any thermal issues during 
thruster testing. For grounded chamber plate configurations, grounding occurred in a star 
type distribution, as shown in Figure 27, to the walls of the VTF-2. To prevent ground 
loops in the measurements in voltage measurements, the oscilloscope was also grounded 
to the walls of the VTF-2. For current measurements, ground loops were not a concern as 
the current probes are active clamp current monitors. 
 
 
Figure 27: Plate circuit configurations: a) grounded, b) floating, and c) connected. 
 
 In configuration A (grounded), each plate was directly connected to chamber 
ground with the current conducted between each plate and ground measured with a 
Teledyne LeCroy CP030 current sensor connected to a Teledyne LeCroy HDO6104 
oscilloscope; the plate currents and thruster telemetry waveforms were measured 
simultaneously at a sampling frequency of 125 MS/s for a 20 ms window to ensure that 
multiple fundamental discharge current mode periods were captured. In configuration B 
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(floating), the plates were electrically isolated, and the floating voltage was measured 
directly using a Teledyne LeCroy PP018 passive probe connected to the Teledyne LeCroy 
oscilloscope; these voltage measurements were also taken simultaneously with 
measurements of the T-140 HET discharge current oscillations at a sampling frequency of 
125 MS/s. In configurations A and B both plates were simultaneous grounded or floated, 
respectively. In configuration C (connected), the plates were connected to each other 
instead of to ground, and the current conducted between the two plates was measured with 
a Teledyne LeCroy CP030 current probe connected to the Teledyne LeCroy oscilloscope; 
the current conducted between the two plates and the discharge current were measured 
simultaneously at a sampling frequency of 125 MS/s. 
5.1.1.5 Thruster Body Electrical Configuration 
 In this work, time-resolved waveform measurements were taken when the thruster 
body of the HET was electrically grounded and when the HET was electrically floating. 
Since it is typically common for the HET to be tested with the thruster body electrically 
grounded, as demonstrated by Hofer and Anderson [27] and prior time-averaged 
measurements of Frieman, et al. [22] demonstrated the HET body collects a significant 
electron current during operation, this investigation data collection focused on measuring 
time-resolved electrical changes for the thruster body floating configuration. As a result, 
data collection occurred at more cathode locations with the thruster body electrically 
floating than the thruster body electrically grounded. To serve as a baseline of comparison, 
data collection for the thruster body electrical grounded occurred at fewer cathode 
positions, but with at least one data point in each of the aforementioned regions. By having 
at least one data point in each cathode position region, trends drawn from analysis of the 
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floating thruster electrical configuration can be compared against the data points taken for 
the grounded thruster body electrical configuration. 
5.1.1.6 Summary of Electrical Diagnostics Layout 
For the sake of clarity, the overall electrical diagnostics layout is shown in Figure 
28. Each current or voltage measurement shown is a measurement that is time-resolved. 
Since the HET discharge circuit is floating, the cathode-to-ground voltage is a 
measurement of the floating voltage of the HET electrical circuit. A diagram showing the 
different voltages important to a HET can be seen in Figure 8 and Figure 14. 
 
Figure 28:  Electrical diagram of current and voltage time-resolved measurements 
of the HET discharge circuit. 
 
5.1.1.6 Probe Diagnostics Configuration 
Because of the large number of individual testing conditions, each of the following 
plume diagnostic measurements were taken only once at 1 m downstream of the exit plane 
and at the thruster centerline. In this way, the general trends of the beam plasma can be 
measured. The emissive probes are mounted on a linear stage located 1 m downstream 
from the thruster as shown in Figure 25. The spacing between the probes is kept at 16.51 
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cm to mitigate the sheath interaction between the probes. To reduce beam exposure time 
on the retarding potential analyzer (RPA), the diagnostic is mounted to a 1-m long boom 
capable of sweeping a 180° arc around the thruster. 
5.1.2 Time Averaged Results 
5.1.2.1 Time-Average Plate and Thruster Current and Voltages 
For the time averaged voltage and current measurements, the oscilloscopes are 
configured for a sampling rate of 125 MS/s and a sample length of 2 MS. The average 
voltages and currents presented below are the arithmetic average value over the 2 MS 
waveform length. The cathode-to-ground voltage shown in Figure 29 shows three 
distinct regions of behavior: Region 1, the cathode-to-ground voltage remains constant, 
Region 2, the cathode-to-ground voltage decreases in magnitude, and Region 3, the 
cathode-to-ground voltage begins to increase in magnitude. As the cathode moves 
outwards from the nominal position, the time-averaged values of the radial and axial plate 
electrical and thruster body-to-ground currents reveal three distinct regions of behavior. 
The clearest indicator of these regions, the thruster body floating voltage, is shown in 
Figure 30. Figure 31 shows the time average currents for the plate and thruster diagnostics. 





Figure 29:  Cathode-to-ground voltage of the HET taken at 300 V, 3.1 kW. Error 
bars are encompassed by plot markers. 
 
 
Figure 30:  The floating voltages for the radial plate, axial plate, and the thruster 
body floating voltage for the floating type configurations. The HET operating 






Figure 31:  The radial plate, axial plate, and thruster body current-to-ground as 
a function of cathode position for connected and grounded configurations. The 
HET operating condition is 300 V, 3.1 kW. Error bars are encompassed by plot 
markers. 
 
As shown in Figure 31, the sign of the current-to-ground reveals the nature of the kind of 
current collected. As a matter of convention, positive current is in the direction of positive 
charge movement. Negative current indicates the net collection of electrons and a positive 
current indicates the net collection of ions. The radial plate and the thruster body current 
and voltage trends indicate an electron dominated plasma environment, whereas the axial 
plate indicates an ion dominated plasma environment. This observation agrees with the fact 
that the radial and thruster body region are dominated by energetic cathode electrons and 
low-energy charge-exchange ions and that the axial plate region is located at the center of 
the beam and thus dominated by highly-energetic beam ions. 
 
5.1.2.2 Plume Diagnostics 
5.1.2.2.1 Plasma Potential 
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The plasma potential measured along thruster centerline at 1 m downstream as a 
function of cathode position is shown in Figure 32. The plasma potential behavior for both 
the grounded and floating plates exhibit three different regions of behavior. In Region 1, 
the grounded thruster body configuration plasma potential measured monotonically 
increases by 1 V to 2 V. In Region 1, the floating thruster body configuration downstream 
plasma potential changes non-monotonically. From Region 2 to Region 3, the downstream 
plasma potential decreases by 1 V to 2 V. Overall, there are small variations in the 
downstream plasma potential and those variations can be roughly segmented by the 
magnetization of electrons near the cathode orifice. 
 
Figure 32: Plasma potential measurements taken at thruster centerline at 1 m 
downstream. The HET operating condition is 300 V, 3.1 kW 
 
5.1.2.2.2 Most Probable Ion Energy 
The most probable ion energy from the ion energy distribution function is shown 
in Figure 33. Because of the variability in the most probably ion energy is ± 10% of 
indicated value, the most probable ion energy does not show any cathode position based 
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variation outside the measurement’s uncertainty. The data presented has already been 
corrected for the local plasma potential. 
 
Figure 33:  Most probable ion energy results taken at thruster centerline at 1 m 
downstream. RPA measurement variability in the most probable ion energy is ± 
10%. The HET operating condition is 300 V, 3.1 kW. 
 
5.1.2.3 Thrust Measurements 
Figure 34 and Figure 35 show the thrust measurements for the various experimental 
configurations. The changes expected in thrust due to cathode radial position are expected 
to be less than the overall uncertainty of the thrust measurements. To overcome this 
limitation, thrust measurements are taken consecutively with a spacing of two minutes 
between cathode radial positions. This means that between plate and thruster body 
configurations, the variability is still 3.4%, but at least the changes for a given plate 




Figure 34:  Grounded thruster body configuration. The absolute uncertainty ± 
1.7%. The variability between cathode positions, (i.e., relative uncertainty) for a 




Figure 35:  Floating thruster body configuration. The variability between plate 
configurations is ± 3%. The variability between cathode positions for a given plate 




5.1.3 Time Resolved Results 
5.1.3.1 Discharge Current 
 To reduce the discharge current oscillation variability, the discharge current 
waveform data presented for all cases were collected within a 4-hour period, without 
turning off the thruster. In Frieman et. al., the mean value of the discharge current did not 
vary significantly with changes in cathode radial position [22]. However, a time-resolved 
analysis of the discharge current indicates that other waveform properties do show a 
dependence on cathode position. As displayed in Figure 36, the peak-to-peak of the 
discharge current, measured as the difference between the maximum current measured and 
the minimum raw (without filtering) current data measured during an oscilloscope 
waveform capture period, has a non-monotonic dependence on cathode radial position. The 
legend labels in Figure 36 and all subsequent figures, abbreviated the plate and thruster 
body electrical configurations as the following: “GND” represents a grounded electrical 
configuration, “FLT” represents a floating electrical configuration, and “CON” represents 
a connected electrical configuration. As the cathode moves from Region 1 to Region 3, the 
peak-to-peak discharge current drops to approximately 55% of its maximum value for the 
floating thruster body configurations and to 65% of its maximum value for the grounded 
thruster body configuration. The peak-to-peak discharge current for the floating thruster 
body configuration is 13% - 18% larger than comparable grounded thruster body 
conditions throughout all cathode positions. From Region 1 to Region 2 cathode positions, 
the floating thruster body configuration peak-to-peak of the discharge current is 60% 
greater than the grounded thruster body configuration. From Region 2 to Region 3 cathode 
positions, the difference between floating and grounded thruster body configuration drops 
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to less than 30%. Because the sampling time of the waveforms is 20 ms, which is hundreds 
of fundamental breathing mode cycles, it is possible that the peak-to-peak discharge current 
is not representative of the actual large-scale changes in discharge current variability. To 
verify that the peak-to-peak discharge current behavior is showing behavior that is 
representative of aggregate changes in the discharge current variability, the standard 
deviation of the discharge current as a function of cathode position is shown in Figure 36. 
Because the standard deviation is a statistical quantity that takes into account the variability 
of the current over the entire sampling window, it is expected that the standard deviation 
of the discharge current would show smaller overall magnitudes of changes in the discharge 
current. However, the relative changes in discharge current standard deviation show similar 
cathode position dependent behavior as the peak-to peak discharge current. 
 
 
Figure 36:  Left: Peak-to-peak discharge current as a function of cathode radial 
distance. is Right: Standard deviation of the discharge current as a function of 
cathode radial distance Mean discharge current for each waveform measured is 
10.2 A with a variability of ± 0.1 A between data points and testing configurations. 




 For all plate and thruster configurations, the peak-to-peak discharge current magnitude 
is dependent on cathode radial position. Since the peak-to-peak discharge current behavior 
is indicative of time-dependent processes, it is expected that there is a frequency domain 
dependent behavior as well. Application of a Fast Fourier Transform (FFT) to a waveform 
taken in the time-domain results in the waveform being resolved in the frequency domain; 
the square of each amplitude term in the series is known as the power spectrum. The power 
spectrum shows the distribution of power amongst the various fundamental frequency 
modes of a given signal. To obtain only the alternating current (AC) portion of the signal, 
the time-averaged mean from each waveform was subtracted from the raw waveform. An 
FFT was applied to that subtracted signal post thruster testing using MATLAB. To aid in 
the presentation of the power spectrum data, the calculated spectral power is converted to 
units of decibels as described by Equation 3. 







PdB is the spectral power in units of decibels, Pcalc is the spectral power in arbitrary units 
as calculated via the application of the FFT, and Pmin is the minimum spectral power of the 
waveform in arbitrary units as calculated via the application of the FFT. The Nyquist-
Shannon frequency for current measurements is hardware limited with discharge current 
power spectra being able to resolve frequencies up to 10 MHz and the chamber plate 
current power spectra being able to resolve frequencies up to 30 MHz. The Nyquist-
Shannon frequency for floating voltage measurements is sample rate limited at 62.5 MHz. 
Based on the sampling size of each waveform, the spectral resolution is 12 Hz. Based on 
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the sampling time length, the Rayleigh frequency or minimum frequency resolvable is 50 
Hz for each power spectra. 
 Application of a FFT to the taken discharge current waveform reveal that the 
fundamental mode of the discharge current waveform has a non-monotonic dependence on 
cathode position as is shown Figure 37. A representative power spectra of the discharge 
current is shown in Figure 39. The peak discharge current oscillation corresponds to the 
HET discharge current breathing mode [3, 32, 59]. While there are other fundamental 
plasma instabilities that occur in the discharge, these modes are not readily identifiable in 
the measured discharge current power spectrum decomposition [59]. The discharge current 
peak frequency has an overall inverse proportional dependence on cathode position. From 
Region 1 to Region 3, the discharge current peak frequency drops by 15%-23% (depending 
on the plate configuration) for the floating thruster body configuration and by 17%-35% 
for the grounded thruster body configuration. In Region 1, both the grounded thruster body 
and the floating thruster body discharge current frequency peak shows a decrease of 
approximately 13% and 11%, respectively. In Region 2, the grounded thruster body 
discharge current frequency continues to drop to 45% of its 18.1 cm cathode position value. 
As compared to the grounded thruster body, the floating thruster body configuration 
exhibits a different behavior: in Region 2, specifically 30 cm to 42 cm, the peak discharge 





Figure 37:  Peak frequency of the disharge current power spectra as function of 
cathode position for the thruster body and plate electrical configurations. The 
HET operating condition is 300 V, 3.1 kW. 
 
 The discharge current peak frequency is only indicative of the dominant mode of 
the HET discharge and does not capture the unsteadiness of the physical plasma process 
occurring in the HET discharge. The full-width-half-maximum (FWHM) is a way to 
measure such unsteadiness in a time-resolved signal. If the FWHM grows in size, then the 
thruster begins operating over a larger range of frequencies, thus meaning the HET 
discharge is operating over a larger range of frequencies. The FWHM is determined by 
measuring the bandwidth between a 3 dB drop or 50% decrease in power from the peak 
associated with discharge current oscillation. Figure 38 shows the full-width-half-
maximum (FWHM) of the discharge current oscillation peak. At cathode positions greater 
than 30 cm, the FWHM becomes difficult to measure as the discharge current oscillation 
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peak broadens to a point where the FWHM is on the order of the peak frequency. Even so, 
the Region 1 FWHM is approximately 10 kHz smaller than in Region 2 and Region 3. 




Figure 38:  Left: Full-width-half-maximum of the peak frequnecy of the power 
spectrum as a function of cathode radial distance for the electrically grounded 
thruster body configuration. Right: Full-width-half-maximum of the peak 
frequnecy of the power spectrum as a function of cathode radial distance for the 
electrically floating thruster body configuration. The HET operating condition is 
300 V, 3.1 kW. 
 
5.1.3.2 Radial and Axial Chamber Plate 
 Similar to the power spectra of the discharge current, an FFT is applied to both the radial 
plate’s collected current and floating voltage waveforms. Figure 39 shows one 
representative example of the radial plate current power spectra and the corresponding 
discharge current power spectra. The floating voltage power spectrum shows similar peak 
structure of the current power spectrum and is not shown. The most notable feature of the 
radial plate power spectrum waveform is the double peak occurring near the discharge 
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oscillation peak frequency. The discharge oscillation frequency is 32.2 kHz. In the radial 
plate power spectra, there is a spectral peak near the discharge frequency oscillation 
frequency at 34.2 kHz and another one at 45 kHz. There is also significant power relative 
to the noise floor of the power spectra in the sub-10 kHz range. Figure 39 only shows the 
spectra up to 100 kHz; however, the power spectra is computed up to the sample rate 
limited Shannon-Nyquist frequency of 62.5 MHz. Due to limitations in the 3 dB falloff of 
the electrical probes, peaks in the radial power spectra above 30 MHz are artifacts. This 
does not pose an issue for the analysis, as this investigation is primary concerned with 
plasma phenomenon occurring in the kHz range. At frequencies higher than 100 kHz, the 
power spectra falls-off precipitously and indicates the primary energy containing 
frequencies are in the sub-100 kHz range. Although Figure 39 corresponds to one 
configuration, the multiple peak nature, the double peak near the discharge current 
oscillation is especially prevalent across all thruster configurations where the discharge 




Figure 39:  Top: power spectra of the discharge current. Bottom: power spectra 
of the radial plate current. Waveforms measured for a floating thruster body and 
grounded radial plate configuration at a cathode position of 18.1 cm relative to 
thruster centerline. The HET operating condition is 300 V, 3.1 kW. 
 
The radial plate peak frequency has a proportional inverse dependence on cathode 
position. Figure 40 shows the radial plate spectral peak frequency drop from the 50 kHz 
range in Region 1 to the 5 kHz range in Region 3. It is important to note that the Region 1 
spectral peak frequency is on the order of 50 kHz, but as demonstrated in Figure 39, current 
and voltage radial plate power spectra have a double peak structure that includes a lower 
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frequency spectral peak. The frequency of this secondary peak is on the order of the 
discharge current oscillation frequency. In Region 2, radial plate peak frequencies are of 
the same order of the discharge current oscillations. For the floating body configurations, 
the Region 2 peak frequency is in the 30 kHz range, and for the grounded thruster body 
configuration, the Region 2 peak frequency is in the 20 kHz range. In Region 3, both 
thruster body electrical configurations have peak frequencies in the sub 5 kHz range. Figure 
41 shows that the axial plate peak frequency cathode position dependent behavior exhibits 
similar peak frequency characteristics as the discharge current and confirm previous 




Figure 40:  Peak frequency of the radial plate current and voltage power spectra 
as function of cathode position for the thruster body and plate electrical 





Figure 41:  Peak frequency of the axial plate current and voltage power spectra 
as function of cathode position for the thruster body and plate electrical 
configurations. The HET operating condition is 300 V, 3.1 kW. 
 
5.1.3.3 Radial Chamber Plate and Axial Chamber Plate Time-Delay 
 The time-delay between the discharge current and the radial chamber plate current 
and correlation coefficient as a function of cathode radial position is shown in Figure 42. 
At a cathode position of 15.6 cm radially away from thruster centerline (Figure 42), the 
radial chamber plate current waveform is weakly correlated to the discharge current peak 
event. Because of this weak correlation, the negative time-delay of any of the measured 
waveform is interpreted as non-physical and for clarity is omitted from Figure 42 through 
Figure 46. At cathode positions greater than 15.6 cm radially away from thruster centerline 
(Figure 42), the correlation coefficient increases to the strongly correlated regime. At 
cathode radial positions greater than 94.3 cm (Figure 42), the correlation coefficient 
decreases, but the signals have a correlation coefficient value that remains within the 
correlated to strongly correlated regime. This strong correlation agrees with previous 
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results that were obtained via global correlation calculations between the radial plate 
current-to-ground and discharge current (this is discussed in greater detail in section 6.1.1). 
The time-delay between the discharge current and radial plate across all cathode positions 
varies from 9.5 µs to 11.8 µs. 
 When compared to the radial chamber plate time-delay data, the axial chamber plate 
time-delay shows a much different cathode position dependent behavior. Strong statistical 
correlation between the discharge current peak event and the axial chamber plate current-
to-ground only occurs for cathode radial positions between 32.1 cm to 94.3 cm away from 
thruster centerline. For cathode radial positions less than 32.1 cm and greater than 107 cm 
away from thruster centerline, the axial plate waveform is weakly correlated to the 
discharge current peak event. At cathode radial positions between 32.1 cm to 107 cm away 
from thruster centerline, the axial chamber plate current waveform is strongly correlated to 
the discharge current event. Within this region, the time-delay between the discharges 





Figure 42:  Radial chamber plate current time-delay and correlation coefficient 
as a function of cathode radial position away from thruster centerline. The HET 
operating condition is 300 V, 3.1 kW. 
 
 
Figure 43:  Axial chamber plate current time-delay and correlation coefficient as 
a function of cathode radial position away from thruster centerline. The HET 




5.1.3.4 HET Cathode-to-Ground Voltage and Cathode Keeper Time-Delay 
 Figure 44 shows the results of the time-delay analysis between discharge current 
peak event and the HET cathode-to-ground voltage. The time-delay between the discharge 
current peak event and the corresponding signature in the cathode-to-ground voltage 
waveform is referred to as the “cathode-to-ground voltage time delay.” At a cathode radial 
position of 15.6 cm from thruster centerline, the HET cathode-to-ground voltage is weakly 
correlated to the discharge current peak event. At all other cathode radial positions, the 
HET cathode-to-ground voltage is strongly correlated to the discharge current peak event. 
At cathode radial positions of 18.1 cm, 19.4 cm, and 27.0 cm relative to thruster centerline, 
the correlation is positive. Physically, this means that as the discharge current increases, 
the cathode-to-ground voltage decreases in magnitude. A smaller magnitude of the 
cathode-to-ground voltage results in a higher cathode coupling efficiency [19, 46]. At the 
aforementioned cathode positions (18.1 cm, 19.4 cm, and 27.0 cm), the cathode 
experiences a marked change in its time-resolved behavior as an increase in discharge 
current results in increases in cathode coupling efficiency. This may be in part to favorable 
magnetic field topologies near the cathode orifice at those positions, but with the current 
data collected, it is unclear as to the exact causes behind this behavior. The cathode-to-
ground voltage time delay for the aforementioned specific cathode positions is between 20 
µs and 26 µs. For all other cathode positions, the cathode-to-ground voltage time-delay is 
between 2 µs and 5 µs. 
 The time-delay between the discharge current peak event and the corresponding 
signature in the cathode keeper floating voltage waveform is referred to as the “cathode 
keeper floating voltage time delay”. As shown in Figure 45, the cathode keeper floating 
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voltage time-delay varies bi-modally. For a majority of cathode positions, the time-delay 
of the cathode keeper floating voltage is the same order of magnitude of the time-delay of 
the cathode-to-ground voltage. However for cathode positions at 94.3 cm and 107 cm, the 
time-delay of the cathode keeper floating voltage is 29 µs and 28 µs, respectively, while 
the cathode-to-ground voltage time-delay is 3.7 µs and 2.8 µs. The change in the cathode 
keeper floating voltage time delay coincides with a sign change in the correlation 
coefficient and is indicative of a change in the fundamental process governing the floating 
voltage [94]. At cathode radial positions of 15.6 cm, 18.1 cm, and 20.6 cm relative to 
thruster centerline, the cathode keeper floating voltage is weakly correlated to the discharge 
current peak event. At all other cathode positions, the cathode keeper floating voltage is 
strongly correlated to the discharge current peak event. 
 
 
Figure 44:  Cathode-to-ground voltage time-delay and correlation coefficient as a 
function of cathode radial position away from thruster centerline. The HET 






Figure 45:  Cathode keeper floating voltage time-delay and correlation coefficient 
as a function of cathode radial position away from thruster centerline. The HET 
operating condition is 300 V, 3.1 kW. 
 
5.1.3.5 Thruster Body Time-delay and Correlation 
The time-delay between the discharge current peak event and the corresponding 
signature in the thruster body current-to-ground is referred to as the “thruster body time 
delay”. Figure 46 shows the thruster body time-delay and correlation. The thruster body 
current-to-ground becomes uncorrelated or weakly correlated to the discharge current peak 
event at cathode positions 16.8 cm to 20.6 cm and cathode positions that are greater than 
107.1 cm. The cathode positions that have strongly correlated thruster body current-to-
ground waveforms and discharge current waveforms roughly overlap with axial chamber 
plate cathode positions as shown in Figure 43. With the exception of the smallest cathode 
radial position (15.6 cm), the time-delay between the thruster body and discharge current 





Figure 46:  Thruster body current to groung time-delay and correlation 
coefficient as a function of cathode radial position away from thruster centerline. 
The HET operating condition is 300 V, 3.1 kW. 
 
5.2 Axial Plate Biasing Experimental Configuration 
For this experimental configuration, the main goal is to examine how the vacuum 
facility interacts with the HET electrical circuit by manipulating the chamber 
recombination current pathway. In this experimental configuration, the HET thruster is 
operated at a fixed operating condition and the voltage bias relative to ground of the axial 
chamber plate is altered. As the axial chamber plate voltage bias relative to ground is 
changed, different aspects of the HET are measured and presented below. The section 
begins with an overview of the experimental layout of the configuration and then follows 






5.2.1 Experimental Layout 
 
 
Figure 47:  Overhead view of the vacuum chamber test facility, HET, chamber 
plates. 
 
5.2.1.1 Configuration of the Chamber Plates 
For clarity of the experimental configuration, Figure 47 shows the physical location 
of the plates with respect to the T-140 HET. Identical plates have been used in previous 
studies of electrical facility effects [22, 24, 72]. The radial chamber plate was electrically 
grounded using RG-58 coaxial cable with a grounded shield that passed through a BNC 
feedthrough into the chamber. The resistance between the radial chamber plate and the 
chamber walls is measured to be 1.1 Ω. Based on current measurements made by Frieman 
et al. [22, 72], the current capacity of the inner conductor of the RG-58 is sufficient for 
radial plate current collection and would not pose any thermal issues during thruster testing. 
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For radial plate current measurements, ground loops were not a concern as the current 
probes are active clamp current monitors. The axial chamber plate was biased relative to 
ground using a TDK Gen 60 V, 12.5 A power supply. To avoid thermal issues with 
maintaining the axial plate bias voltage, the axial chamber plate was connected to the power 
supply via 6-AWG copper wire that connected to a 150-A power vacuum feed-through. 
During this investigation, the axial plate current did not exceed 10 A for testing conditions. 
The resistance between the axial chamber plate and the chamber walls is measured to be 
less than 0.2 Ω. 
The current and voltage waveforms of the axial chamber plate were measured using 
a LeCroy CP030 current clamp and a PP005A 10:1 voltage divider connected to a Teledyne 
LeCroy HDO6104 oscilloscope. The radial chamber plate was connected to chamber 
ground with the current conducted to ground measured with a Teledyne LeCroy CP030 
current sensor connected to a Teledyne LeCroy HDO6104 oscilloscope; the plate currents 
and thruster telemetry waveforms were measured simultaneously at a sampling frequency 
of 125 MS/s for a 20-ms window to ensure that multiple fundamental discharge current 
mode periods were captured. 
5.2.1.2 Thruster Body Witness Plates Electrical Configuration 
Figure 48 shows the electrical configuration of the thruster body plates. To prevent 
ground loop issues, the thruster body plates are electrically grounded using a star ground 
configuration. The electrical ground used is a common reference ground for all diagnostics 
and is electrically tied to the walls of the vacuum facility. Since the voltage of the thruster 
body plates are held constant via the electrical ground, it is only necessary to measure the 
current flowing through each of the thruster body plates and thruster body to ground. Using 
Kirchhoff’s law of currents, the total current flowing to ground through the thruster body 
can be calculated as the summation of all the measured currents. For the thruster body 
plates, Teledyne Lecroy CP030A (see Chapter II for technical specs), high sensitivity 
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current clamps a used to measure the current flowing through each plate. For the remaining 
thruster body surfaces connection, a Teledyne Lecroy CP030, current clamp is used to 
measure the current flowing to ground. 
 
Figure 48:  Electrical configuration of the thruster body plates for the axial plate 
bias experimental configuration. 
 
5.2.1.3 Summary of Electrical Diagnostics Layout 
A summary of all electrical diagnostics connection are shown notionally in Figure 
49. The measurement located are all electrical signals that are time-resolved. The discharge 
voltage of the HET was measured separately and was used to verify that the HET was 
operating at the desired operating condition. Since the HET discharge circuit is floating, 
the cathode-to-ground voltage is a measurement of the floating voltage of the HET 
electrical circuit. A diagram showing the different voltages important to a HET can be seen 




Figure 49:  Electrical diagram of current and voltage measurements of the HET 
discharge circuit. 
 
5.2.1.4 T-140 HET Operating Conditions 
All data was collected with the T-140 HET operating at a discharge voltage of 300 
V, discharge power of 3.16 kW, an anode xenon flow rate of 11.6 mg/s ± 0.03 mg/s, and a 
cathode xenon flow rate of 1.61 mg/s ± 0.12 mg/s. The operating chamber pressure as 
measured by the external ion gauge is 7.3 x 10-6 Torr-Xe, the operating chamber pressure 
as measured by the internal ion gauge is  1.3 x 10-5 Torr-Xe. The thruster discharge voltage, 
inner and outer magnet currents, anode mass flow rate, and cathode mass flow rate were 
held constant for all cathode positions and plate configurations. The thruster was run 
through a 3-hour conditioning cycle prior to data collection in order to allow the thruster 
to approach thermal equilibrium [40]. The discharge current of the T-140 HET is measured 
using a Teledyne Lecroy CP150 10 MHz current clamp (see Chapter III for technical 
specs). To be able to clearly measure the discharge oscillations, the discharge current is 
measured on the thruster side of the discharge filter, as shown in Figure 49. The discharge 
 109 
 
voltage relative to ground is measured using a Teledyne Lecroy PPE2KV 100:1 voltage 
divider and the cathode-to-ground voltage is measured using a Teledyne Lecroy PPE2KV 
100:1 voltage divider (see Chapter III for technical specs). These probes are placed at 
measurement points downstream of the discharge filter. Since the HET discharge circuit is 
a floating circuit, the discharge voltage of the HET is measured differentially as the 
difference between the discharge voltage relative to ground minus the cathode-to-ground 
voltage. For this experimental configuration, the HET discharge voltage measurement was 
not time-resolved and was used to verify that the HET was operating at the desired 
operating condition. 
 
5.2.1.5 Probe Diagnostics Configuration 
 





Plume diagnostics were taken along a 1 m ± 0.01 m radius centered at the thruster 
centerline and discharge plane. Ion current density measurements occurred throughout a 
full range of 180° while emissive probes and Langmuir probes sweeps were taken at select 
angular positions based on the ion current density profile of the HET plume. An schematic 
overview of the plume diagnostics relative to the HET are shown in Figure 50. The probe 
diagnostics were mounted to a Parker Daedal RT series 8-in rotary motion table. All three 
of the plume diagnostics: a Langmuir probe, JPL nude style Faraday probe, and an emissive 
probe were attached in an array on radial probe arm. The arms of the array were angled 
such that probe-to-probe centerline linear distance was at 0.17 ± 0.01m apart and remained 
at a 1 m radial distance throughout the probe arm sweep. Figure 50 shows the relative 
position of the diagnostics arm and Figure 51 and Figure 52 show an image and notional 
diagram of the probe arrangement on the diagnostics arm. 
 
 
Figure 51:  Probe arm with plume diagnostics attached A) Langmuir Probe B) 




Figure 52:  Overhead view of notional layout of the radial diagnostics probe arm 
 
5.2.2 Time-Averaged Results 
For the time-averaged voltage and current measurements presented below, the 
oscilloscopes are configured for a sampling rate of 125 MS/s and a sample length of 2 MS. 
The average voltages and currents presented below are the arithmetic average value over 
the entire 2 MS waveform length. 
5.2.2.1 Axial Chamber Plate Behavior 
As shown in Figure 53, the axial chamber plate current collection behavior 
exhibited three distinct regions. Because the plate was biased with a positive voltage 
relative to ground, the current collected on bias plate transitions from a net flux of ions to 
a net flux of electrons. With the axial chamber plate bias at 0 V, the beam ions generated 
by the HET compose the majority of the net charge flux to the plate. As the bias voltage 
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increases, more electrons are gathered to the axial chamber plate. Between 0 V and 5 V, 
sufficient electrons are collected by the plate such that there is no net charge flux to the 
plate. This voltage is also known as the floating voltage of the axial plate and is not 
precisely measured during this study. Based on measurements of Frieman et al. [22], the 
floating voltage of the axial plate is expected to be approximately 4 V. At axial chamber 
plate bias beyond the floating voltage, there is net electron current collection reaching the 
axial chamber plate. This increase in electron current continues monotonically until the net 
electron current collection approaches the beam current of the HET. Based on the 
acceleration voltage and thrust measured by Frieman et. al. [3, 22], the beam current of the 







where Ib is the beam current, THET is the thrust produced by the HET, mi is the mass of a 
xenon atom, and Vaccel is the acceleration potential. Using this model, the beam current is 
estimated to be near 7 A. This relationship neglects the presence of multiply-charged ions, 
does not take into account the beam divergence, and neglects the ion energy distribution of 
the beam ions. Based on E x B measurements by Ekholm and Hargus [95] running a BHT-
200 HET at 250 V, a lower range to the beam current estimate can be made, and it is 
expected that for the T-140 HET operated at 300 V will have a doubly charged xenon 
population that is approximately 12% of the total ion population. This reduces the 
estimated beam current to be on the order of 6 A. A better estimate of the beam current is 
not possible using the Faraday probe because testing occurred at one operating background 
pressure. Without current density profile measurements at multiple background pressures, 
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it was not possible to extrapolate the vacuum current density profile, thus making the beam 
current measurement via an integrated current profile artificially inflated. 
For an axial plate bias greater than 20 V, the slope of the electron current collection 
vs axial plate bias voltage decreases by approximately 85%. Data collection above axial 
chamber plate bias of 50 V above ground was not possible due to arcing events on grounded 
surfaces within the vacuum chamber. After raising the potential of the axial chamber plate 
past the floating voltage of the chamber plate, the axial chamber plate begins collecting a 
net flux of beam electrons from the surrounding plasma. As the plasma sheath begins to 
expand to collect more electrons, the plasma potential begins to increase. Once the axial 
chamber plate begins to collect a net electron current equal to the expected beam current, 
the electron current collection as a function axial bias plate voltage above ground begins 
to level off, forming a knee in the curve. 
 
 
Figure 53:  Axial chamber plate current collected as a function of axial plate bias 
voltage. The HET operation condition is at 300 V, 3.16 kW. Error bars are 




The floating thruster body and the grounded thruster body configurations have 
similar overall current collection behavior, but at biases larger than 0 V but smaller than 
15 V, the floating thruster body configuration has an axial chamber plate current collection 
between 49% and 15% less current than comparable grounded thruster body 
configurations. At greater than 15 V of axial plate bias voltage above ground, the floating 
thruster body configuration has axial chamber plate current collection 1%-2% greater than 
comparable grounded thruster body configurations. The reason for the discrepancy 
between the thruster body configurations is not yet clear. 
5.2.2.2 Radial Plate Facility Interaction 
As seen in prior work, the grounded radial chamber plate collects a net-flux of 
electron current [22]. As the bias voltage of the downstream axial chamber plate increases, 
the electron current collected on the radial plate decreases. Figure 54 shows the radial 
chamber plate current collection as a function of axial chamber plate bias voltage. Negative 
current collected corresponds to net electron current and positive current collected indicates 





Figure 54:  Radial chamber plate current collection as a function of axial chamber 
plate bias voltage relative to ground. HET nominal condition is at 300 V, 3.16 kW. 
Error bars are encompassed by plot markers. 
 
Between 10 V to 15 V of axial chamber plate bias potential, the current collection 
on the radial chamber plate transitions from a net flux of electron current to a net flux of 
ion current. At axial bias chamber plate biases greater than 15 V, the plasma potential near 
the radial chamber plate rises sufficiently relative to the chamber walls that the potential 
difference between the plasma and the grounded radial chamber plate repels electrons. The 
current collection behavior of the radial chamber plate as shown in Figure 55 indicates that 
for axial bias plate voltages greater than 25 V, electrons are driven away from the radial 





Figure 55:  Plasma potential measured at 25.4 cm radial distance away from the 
radial plate. HET nominal condition is at 300 V, 3.16 kW. Measurement is 
centered on radial plate centerline. 
 
5.2.2.3 Influence of the Axial Chamber Plate Bias on the HET 
The effect of the downstream bias voltage of the axial chamber plate on the HET 
was measured in two ways: thrust and characteristics of the HET electrical circuit. 
Measurements of thrust showed no statistically significant change in thrust production of 
HET circuit. Based on the conclusions drawn by Frieman et al. [72],this is expected. In 
Figure 56, the cathode-to-ground voltage and centerline plasma potential measurements as 
a function of axial plate bias voltage above ground are shown. As the axial plate bias 
voltage increased, the cathode-to-ground voltage began to move synchronously with the 
plasma potential. The cathode-to-ground voltage relative to ground changes sign between 
20 V and 25 V of axial chamber plate bias. This axial plate bias voltage range corresponds 
to collected electron current on the axial chamber plate above the HET estimated beam 
current. From axial chamber plate bias of 5 V to 50 V, the difference between the centerline 
plasma potential and the cathode-to-ground voltage remains a constant 32 V ±2 V. Because 
the difference between the cathode-to-ground voltage and the plasma potential remains 
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nearly constant, there is no expected measurable change in thrust of the HET with axial 
chamber plate bias voltage. This was confirmed with direct thrust measurements. Thrust 
stand measurements show that the time-averaged thrust of the HET remained 177 mN ± 3 
mN for all axial bias plate conditions. 
 
 
Figure 56:  Cathode-to-ground voltage and centerline plasma potential as a 
function of axial plate bias. The HET operating condition is 300 V, 3.16 kW. Error 
bars for Cathode-to-Ground Voltage are encompassed by plot markers. 
 
5.2.2.4 Plume Plasma Properties 
Figure 57 shows the HET plume profile. The HET beam and exponential decline 
region of the current density profile show little to no dependence on axial chamber bias 
plate bias. At angular positions greater than 50° off thruster centerline, elevated current 
densities at high (>20 V) axial plate bias relative to ground are measured. In this region, 
colloquially referred to as the “wings”, the ions present are primarily composed of charge-
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exchange ions [3, 90]. This region is highlighted in Figure 57. It is important to note that 
the Agilent 34980A data acquisition unit used to measure the voltage across the precision 
resistor of the Faraday probe electrical circuit has an uncertainty of ±0.004% of the 
measured voltage. This low level of uncertainty leads to a current density profile 
measurement uncertainty between different axial plate bias voltages that is encompassed 
by the plot line width; therefore, the uncertainty of the current density profile is not visible 
in Figure 57. The current density profiles of the grounded thruster body and floating 
thruster body show no significant differences and so Faraday probe sweeps for the floating 
thruster body is not shown. 
 
 
Figure 57: Ion current density profile as a function of increasing axial plate bias 
voltage for the grounded thruster body configuration. The HET operating 
condition is 300 V, 3.16 kW. Left) Full Plume Profile Right) One side of the HET 
Plume in the “charge-exchange ion” region. 
 
At least two Langmuir probe and emissive probe measurements were sweeps taken 
in each ion current density profile region: thruster centerline, exponential decline, and the 
“wings”. Assuming the plasma properties to be axisymmetric, Langmuir and emissive 
probe measurements were taken throughout an arc of 90° relative to thruster centerline. As 
shown in Figure 58, the plasma potential measurements show a global increase in potential 
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with respect to axial plate bias voltage. The plasma density profile shows no change outside 
the uncertainty of the measurement with respect to axial plate bias voltage as shown in 
Figure 59. For both plasma potential and ion number density, the floating thruster body 
configuration HET plume profile did not a show a measureable difference as compared to 
the grounded thruster body and is not presented. 
 
 
Figure 58:  Plasma potential profile as a function of axial plate bias voltage for the 




Figure 59:  Ion number density profile as a function of axial plate bias voltage. 




5.2.3 Time-Resolved Results 
5.2.3.1 Variation of the Discharge Current 
The HET discharge is an inherently unsteady process with many plasma instability 
modes operating on many timescales. As such the discharge current varies rapidly as 
function of time. The peak to peak and standard deviation is one way to characterize these 
fluctuations. The results of the peak to peak and standard deviation of the discharge current 
as function of axial chamber plate voltage is shown in Figure 60. The overall trend for both 
the peak-to-peak and the standard deviation of the discharge current decreases as a function 
of increased axial bias plate bias. Both of these measurements decrease by approximately 
30% from an axial chamber plate bias voltage of 0 V to 45 V. The largest decrease in the 
peak-to-peak and the standard deviation of the discharge current occurs after the axial 
chamber plate bias voltage is such that it is able to collect an electron current that is equal 
to the HET beam current. Based on beam current estimates, this occurs near an axial 




Figure 60:  The discharge current peak to peak and standard deviation. The HET 
operating condition is 300 V, 3.4 kW. 
 
5.2.3.2 Oscillation Response of the HET 
In the following results that show the peaks of the power spectra of each of the 
oscilloscope waveforms, the uncertainty of the frequency at a spectral peak is Nyquist 
limited to 47.7 Hz. This is a much smaller uncertainty than what was obtainable during the 
cathode positioning experimental configuration. In Figure 61, a comparison is made 
between a discharge current power spectra taken in the cathode positioning and a discharge 
current power spectra taken during the axial plate biasing. For the axial plate bias and 
thruster body bias experimental configuration, the power spectra of each signal is averaged 
over 30 waveform captures. The averaging process has greatly reduced the noise floor and 






Figure 61: Side by Side Comparison of the Cathode Positioning Power Spectra 
and Axial Plate Power Spectra. Left) Power spectra of the discharge current using 
a single scan. The HET operating condition is 300 V, 3.1 kW. Right) Power spectra 
of the discharge current using a 30 scan average. The HET operating condition is 
300 V, 3.4 kW. 
 
5.2.3.1.1 Discharge Current Oscillations 
 The T-140 HET discharge current peak oscillation as a function of axial plate bias 
is shown in Figure 63. The secondary peak of the discharge current oscillation behavior is 
shown in Figure 64. The strongest frequency peak at 32.5 kHz (as shown in Figure 62) 
corresponds with the fundamental HET discharge breathing mode instability [59]. For all 
axial bias plate voltages, the total variation in discharge current primary peak oscillation 
frequency is less than 3% of the discharge current oscillation frequency at a grounded axial 
chamber plate voltage. There is a secondary primary peak in the discharge current power 
spectra at a frequency of 64.8 kHz. For all axial bias plate voltages, the total variation in 
discharge current secondary peak oscillation frequency is less than 4% of the discharge 
current oscillation secondary peak frequency at a grounded axial chamber plate voltage. 
Due to the various plasma modes operating in the discharge, determining which 
fundamental plasma instability mode the secondary power spectra peak frequency of the 
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discharge current corresponds to is difficult. When compared to the primary discharge 
current oscillation peak, the secondary discharge current oscillation peak has a spectral 
power that is an order of magnitude smaller. Both of these peaks are important to track as 
corresponding spectral peaks appear on the measured currents from the axial, radial, and 
thruster chamber plates. 
 
 






Figure 63:  Discharge oscillation peak frequency as a function of axial plate bias 
voltage. The HET operating condition is 300 V, 3.4 kW. 
 
 
Figure 64:  Discharge oscillation secondary peak frequency as a function of axial 
plate bias voltage. The HET operating condition is 300 V, 3.4 kW. 
 
5.2.3.1.2 Axial Chamber Plate Oscillation Frequency Coupling 
Figure 65 shows the axial plate power spectra primary and secondary peak as a 
function of axial plate bias voltage. Both the primary and second power spectra peak 
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frequency measured from the axial chamber plate have frequency shifts that are in lock-
step with changes in the discharge current oscillation peak at each axial chamber plate bias 
tested. When compared to the primary power spectra peak, the secondary power spectra 
peak of the axial chamber plate current has a spectral power that is an order of magnitude 
smaller. The axial chamber plate power spectra peak behavior, in both frequency and 
spectral power, has the same characteristics as the discharge current oscillation behavior 
as a function of axial chamber plate bias voltage. This similarity in behavior suggests that 




Figure 65:  Axial plate current-to-ground power spectra peaks Left:  Primary 
peak. Right: Secondary Peak. The HET operating condition is 300 V, 3.4 kW. 
 
5.2.3.1.3 Radial Chamber Plate Oscillation Frequency Coupling 
Figure 66 shows the primary and secondary power spectra peak of the radial 
chamber plate current-to-ground. The frequency behavior of the secondary power spectra 
peak is commensurate with the secondary power spectra peak frequency of both the axial 
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chamber plate and the HET discharge current. The primary peak frequency behavior of the 
radial chamber plate shows a distinctly different behavior than the HET discharge current 
oscillation current peak frequency behavior. At axial plate bias voltages above 15 V, the 
radial plate current-to-ground power spectra peak frequency shifts from being 
approximately 32 kHz to 142 kHz. As evidenced by the data presented for the discharge 
current primary peak frequency behavior (Figure 63), the 32 kHz peak closely corresponds 
to the HET discharge current oscillation. It is unclear from the data gathered as to what the 
142 kHz peak corresponds to as none of the waveforms measured showed spectral power 
in this frequency range. At described in the time-averaged results section, at axial chamber 
plate bias voltages above 20 V relative to ground, the entire electron beam current of HET 
is collected by the axial chamber plate. At axial chamber plate bias voltages above 15 V 
relative to ground, it should be noted that there is still a power spectra peak of the radial 
chamber plate to ground at a frequency near 32 kHz, but its spectral power is an order of 
magnitude smaller than the spectral peak at 142 kHz. This change in dominate peak 
frequency at higher axial chamber plate bias voltages suggest that the radial chamber plate 





Figure 66:  Radial plate current-to-ground power spectra peaks. The HET 
operating condition is 300 V, 3.4 kW. Left: Primary peaks. Right:  Secondary 
peaks 
 
5.2.3.1.4 Thruster Body and Thruster Body Plate Oscillation Frequency Coupling 
Figure 67 shows the thruster body plates, TP2 and TP3 current collected power 
spectra peak frequency behavior, and the body to ground current collected power spectra 
peak frequency behavior. It is important to note that the “Body2GND” data set is from the 
current collected on the thruster body surfaces that are not TP1, TP2, or TP3. The total 
thruster body current to ground is not directly measured and so the power spectra analysis 
is not done for the total thruster body current to ground. The frequency of both the primary 
and secondary peaks as measured from the power spectra of TP2, TP3 and the Body2GND 
track the HET discharge current oscillation behavior shown in Figure 63 and Figure 64. At 
axial plate bias voltages above 40 V relative to ground, the TP2, TP3, and Body2GND 
primary and secondary peak frequency do not match the HET primary and secondary peak 
frequency behavior. Instead of the frequency rising 1-2% from axial bias plate voltages 35 
V to 45 V relative to ground (see Figure 62 and Figure 63), the primary and secondary 
power spectra peak frequency remains constant. In general, however, the overall frequency 
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behavior of the primary and secondary power spectra peaks of the TP2, TP3, and 
Body2GND is similar to the discharge current oscillation behavior. 
 
 
Figure 67:  TP2, TP3, and thruster body current-to-ground power spectra peaks. 
The HET operating condition is 300 V, 3.4 kW. Left: Primary peaks. Right: 
Secondary peaks. It is important to note that the “Body2GND” data points are 
just the current collected on the thruster body surfaces that are not TP1, TP2, or 
TP3. 
 
Figure 68 shows the primary and secondary power spectra peak frequency behavior 
of the thruster body plate TP1. The spectral peak frequency behavior of TP1 is very 
different than the behavior measured from TP2, TP3, and Bod2GND. Like the radial 
chamber plate, the primary spectral peak from TP1 shifts from the 32 kHz range to the 62 
kHz range above axial chamber plate bias voltages of 15 V relative to ground. At an axial 
chamber plate bias voltage of 5 V relative to ground, there is a singular frequency shift. 
The primary spectral peak frequency changes from 32.7 kHz to 66.2 kHz and the secondary 
spectral peak frequency changes from 65.6 kHz to 44.1 kHz It is unclear from the data 
collected as to why this singular change occurs. Overall, the TP1 primary and secondary 
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spectral peak frequency indicates that the TP1 decouples from the primary discharge 
oscillation frequency at axial chamber plate bias voltages above 15 V relative to ground. 
 
 
Figure 68: TP1 current-to-ground power spectra peaks. The HET operating 
condition is 300 V, 3.4 kW. Left:  Primary Peak. Right:  Secondary peaks. 
 
5.2.3.3 Statistical Correlation and Time Delay Measurements 
5.2.3.3.1 The Discharge Current Peak Event and Limits of Correlation 
Entire waveform correlation coefficient calculations calculated between the 
discharge current and the other waveforms measured during the axial chamber biased plate 
experimental configuration revealed strong statistical correlation for all axial chamber plate 
biases. As experienced in the cathode positioning experimental configuration, time delays 
calculated based on the entire waveform lead to non-physical time delays. In order to 
compute an effective time delay, a more localized approach is taken. The waveform capture 
from the oscilloscopes are initiated by the largest discharge current peaks observed. This 
discharge current peaks occurred in temporally close groups and occurred once per 
waveform capture period. These peaks in the discharge current are referred to as the 
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Figure 69:  Representative discharge current peak event for the axial chamber 
plate bias configuration at an axial chamber plate bias voltage relative to ground 
of 0 V. The HET operating condition is 300 V, 3.4 kW. 
 
Because of the extended length of the discharge current peak event as compared to 
the cathode positioning experimental configuration, the correlation coefficient calculations 
yield a lower computed value for all waveforms captured. By manually comparing the 
discharge current peak event and the computed segment of a measured waveform that 
yielded the time-delay measurement, it is revealed that statistical correlation coefficients 




5.2.3.3.2 Radial and Axial Chamber Plate Measurements 
 
Figure 70:  Axial chamber plate time delay and correlation coefficient. The HET 
operating condition is 300 V, 3.4 kW. 
 
Figure 70 shows the time delay between the discharge current peak event and 
response measured in the axial chamber plate current. There are three distinct regions of 
time delay. When the axial chamber plate bias voltage relative to ground is below the 
floating voltage of the plasma, the measured time-delay is on the order of 5 µs. When the 
axial chamber plate bias voltage relative to ground is between 7.5 V to 35 V, the measured 
time delay increases to be on the order of 25 µs. At an axial chamber plate bias voltage 




Figure 71:  Radial Chamber plate time delay and statistical correlation. The HET 
operating condition is 300 V, 3.4 kW. 
 
Figure 71 shows the time delay measured between the discharge current peak event 
and the response measured from the radial chamber plate current to ground and statistical 
correlation. The radial chamber plate time delay as a function of axial chamber plate bias 
has two distinct regions of behavior. While the axial chamber plate electron current 
collection is lower than the HET beam current, which occurs at an axial chamber plate bias 
voltage near 20 V, the measured time delay between the radial chamber plate current 
response and the discharge current event is on the order of 30 µs. Above an axial chamber 
plate bias of 20 V, the measured time delay between the radial chamber plate current 




5.2.3.3.3 Thruster Body Plates Measured Time Delay 
Figure 72, Figure 73, and Figure 74 show the time delay measured between the 
discharge current peak event and the response measured from each of the thruster plates to 
ground and statistical correlation. The TP1 thruster body witness plate time delay shows 
the most sensitivity to changes in the axial chamber plate bias voltage. Barring the spike in 
time delay measured at an axial chamber plate bias voltage relative to ground of 7.5 V, the 
time delay between the discharge current peak event and the response measured on the TP1 
thruster body plate decreases from the 6 µs range to the 0.4 µs range. The sign of the 
correlation coefficient shifts from being negative at low axial chamber plate bias voltages 
and positive at high axial chamber plate bias voltages. This transition occurs at an axial 
chamber plate bias voltage relative to ground between 15 V and 25 V. This is the same 
voltage range where the axial chamber plate is able to collect an electron current equal to 
the beam current of the HET. 
 
 
Figure 72:  TP1 thruster body plate time delay and correlation coefficient. The 




The TP2 and TP3 thruster body plates time delay has a much smaller sensitivity to 
the axial chamber plate than the TP1 thruster body plate. Throughout the entire axial 
chamber plate bias voltage range, the TP2 and TP3 have a 12% and 1% change between 0 
V axial chamber plate bias relative to ground and an axial chamber plate bias relative to 
ground of 45 V. The time delays of the current response from TP2 and TP2 remain on the 
order of 8 µs throughout the axial chamber plate bias voltage range. 
 
 
Figure 73:  TP2 thruster body plate time delay and correlation coefficient. The 




Figure 74:  TP3 thruster body plate time delay and correlation coefficient. The 
HET operating condition is 300 V, 3.4 kW. 
 
5.3 Thruster Body Biased Experimental Configuration 
For this experimental configuration, the main goal is to examine how the thruster 
body recombination current pathway interacts with the HET electrical circuit. To 
manipulate the thruster body recombination current pathway, the HET thruster is operated 
at a fixed operating condition and the thruster body voltage relative to ground is altered. At 
each thruster body electrical resistance to ground, different aspects of the HET are 
measured and presented below. The section begins with an overview of the experimental 




5.3.1 Experimental Configuration 
 
Figure 75:  Overhead view of the vacuum chamber test facility, HET and probe 
diagnostics. 
 
5.3.1.1 Thruster Body and Thruster Body Plate Electrical Configuration 
Following a similar methodology as the axial chamber plate biasing, the voltage of 
the thruster body and the thruster body plates relative to ground are manipulated. In order 
to influence the thruster body recombination pathway, the voltage of the thruster body 
relative to the cathode-to-ground voltage is controlled. Since for normal HET operation in 
a vacuum facility, the cathode-to-ground voltage is negative, the thruster body must be 
biased negatively. Unlike the axial chamber plate bias experimental configuration, the 
thruster body and the thruster body plates could not be controlled to a negative voltage 
relative to ground with a power supply. Instead, the thruster body and thruster body plate 
voltage relative to ground is controlled in a much simpler manner. The work done in the 
cathode positioning experimental configuration (Figure 34) demonstrated that the thruster 
body, when electrically isolated from ground, floats to a negative potential of 
approximately -30 V. Between electrically grounded (0 V) and electrically floating (~30 
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V), the thruster body voltage goes from being positive relative to the cathode voltage to 
negative relative to the cathode voltage. When the thruster body is electrically grounded, 
the resistance to ground is essentially zero, and when the thruster body is electrically 
floating, the resistance to ground is essentially infinite. Therefore, for this experimental 
configuration, the thruster body and the thruster body plates voltage relative-to-ground is 
controlled by using two 50-W, 25-Ω ceramic variable resistors. To minimize any ground 
loop issues, the thruster body and thruster body plates are connected to the resistor and 
ground connection in a star configuration. The voltage of the thruster body is measured 
using a Teledyne Lecroy PP18 10:1 voltage divider. The current flow to ground for each 
of the thruster body plates is measured using Teledyne Lecroy CP30A High Sensitivity 
Active Current Monitors. The total thruster body current and thruster body plate current-
to-ground is measured using a Teledyne Lecroy CP30 Active Current Monitor. It is 
important to note that the thruster body bias experimental configuration for the thruster 
body plates has a different electrical measurement configuration. Figure 76 shows the 
thruster body and thruster body plate electrical configuration. The main difference between 
this experimental configuration and the axial plate bias experimental configuration is that 
the total thruster body current-to-ground is measured. For the thruster body bias 
experimental configuration, the thruster body witness plates are examined in detail, and so 





Figure 76:  Thruster body and thruster body plate electrical configuration 
 
5.3.1.2 Summary of Electrical Diagnostics Layout 
Figure 77 shows a summary of the electrical diagnostic configuration collected for 
the biased thruster body configuration. Each indicated voltage or current measurement 
location is temporally resolved. To prevent ground loops, the thruster body and thruster 





Figure 77:  Electrical Diagnostics Diagram for Thruster Body Bias Experimental 
Configuration 
 
5.3.1.3 T-140 HET Operating Conditions 
 All data was collected with the T-140 HET operating at a discharge voltage of 300 
V, discharge power of 3.5 kW, an anode xenon flow rate of 11.6 mg/s ±0.03 mg/s, and a 
cathode xenon flow rate of 1.61 mg/s ± 0.12 mg/s. The operating chamber pressure as 
measured by the external ion gauge is 8.7 x 10-6 Torr-Xe, the operating chamber pressure 
as measured by the internal ion gauge is  1.3 x 10-5 Torr-Xe. The thruster discharge voltage, 
inner and outer magnet currents, anode mass flow rate, and cathode mass flow rate were 
held constant for all cathode positions and plate configurations. The thruster was run 
through a 3-hour conditioning cycle prior to data collection in order to allow the thruster 
to approach thermal equilibrium [40]. The discharge current of the T-140 HET is measured 
using a Teledyne Lecroy CP150 current clamp (see Chapter 3 for technical specs). To be 
able to clearly measure the discharge oscillations, the discharge current is measured on the 
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thruster side of the discharge filter. The discharge voltage relative to ground is measured 
using a Teledyne Lecroy PPE2KV 100:1 voltage divider and the cathode-to-ground voltage 
is measured using a Teledyne Lecroy PPE2KV 100:1 voltage divider (see Chapter 3 for 
technical specs). These probes are placed at measurement points downstream of the 
discharge filter. Since the HET discharge circuit is a floating circuit, the discharge voltage 
of the HET is measured differentially as the difference between the discharge voltage 
relative to ground minus the cathode-to-ground voltage. For this experimental 
configuration, the HET discharge voltage measurement is time-resolved. 
5.3.1.4 Probe Diagnostic Configuration 
Plume diagnostics were taken along a 1 m ± 0.01 m radius centered at the thruster 
centerline and discharge plane. Ion current density measurements occurred throughout a 
full range of 180° while emissive probes and Langmuir probes sweeps were taken at select 
angular positions based on the ion current density profile of the HET plume. Figure 75 
shows a schematic overview of the plume diagnostics relative to the HET. The probe 
diagnostics were mounted to a Parker Daedal RT series 8-in rotary motion table. All three 
of the plume diagnostics: a Langmuir probe, JPL nude-style Faraday probe, and an 
emissive probe were attached in an array on radial probe arm. The arms of the array were 
angled such that probe-to-probe centerline linear distance was at 0.17 ± 0.01 m apart and 
remained at a 1 m radial distance throughout the probe arm sweep. Figure 78 shows the 
relative position of the diagnostics arm and Figure 79 shows a picture and notional diagram 
of the probe arrangement on the diagnostics arm. It should be noted that Figure 78 and 
Figure 79 are the same as Figure 51 and Figure 52 but are placed here in the document for 
clarity and convenience to the reader.  
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RPA measurements were taken along a 1 m ± 0.01 m radius centered at the thruster 
centerline and discharge plane. Due to space constraints, the RPA could not be placed onto 
the radial arm that holds the emissive probe, Langmuir probe, and Faraday probe. Instead, 
the RPA is mounted to a 2-D Parker Daedal 406XR linear motion stage system. The table 
assembly has a 2,000 mm range of travel with a positional accuracy of ±159 µm. The 
motion stage is placed in the vacuum chamber such that it could cover the same 1 m arc 
that the emissive probe measurements were taken. Figure 75 shows the notional layout of 
the RPA and motion table system. 
 
 
Figure 78:  Probe arm with plume diagnostics attached A) Langmuir Probe B) 





Figure 79:  Overhead view of notional layout of the radial diagnostics probe arm. 
 
5.3.2 Time Averaged Results 
For the time averaged voltage and current measurements, the oscilloscopes are 
configured for a sampling rate of 125 MS/s and a sample length of 2 MS. The average 
voltages and currents presented below are the arithmetic average value over the 2 MS 
waveform length. As the real variable of concern for the thruster body bias experimental 
configuration is the thruster body-to-cathode voltage, each of the following results is 
plotted with respect to the thruster body-to-cathode voltage. For clarity, the cathode-to-




Figure 80:  Cathode-to-ground voltage as a function of thruster body to ground 
voltage for the thruster body bias experimental configuration. The HET operating 
condition is 300 V, 3.5 kW. Error bars are encompassed by plot markers. 
 
5.3.2.1 Effect of the Thruster Body Bias on HET Thrust and Plume 
In general, the measurements of the thrust produced by the HET and the resulting 
plume characteristics did not show any variation in properties outside of the measurement 
uncertainty with changes in the thruster body bias voltage. The measured thrust of the HET 
maintained 187 mN ±3 mN for all thruster body bias voltages tested. The measurement of 
the electron temperature, plasma potential, and plasma number density across the plume 
did not show any variation outside of the measurement uncertainty. Measurements of the 
ion energy distribution function at various locations in the plume did not show any 
variation dependent on thruster body bias voltage outside the measurement uncertainty. 
Measurements of the ion current density profile also did not show any variation dependent 




5.3.2.1 Electrical Characteristics of HET and Thruster Body Plates 
5.3.2.2.1 T-140 Discharge Current 
Figure 81 shows the average of the discharge current of the HET as a function of 
thruster body-to-cathode voltage. As the thruster body-to-cathode voltage grows more 
negative from 11.12 V to -6.37 V, the average discharge current decreases from 11.68 A 
to 11.49 A. At a thruster body-to-cathode voltage of -25.5 V, the average of the discharge 
current rises to 11.81 A. At this thruster body voltage, the thruster body is electrically 
floating and the floating voltage of the thruster relative to ground is -38.55 V. 
 
Figure 81:  Discharge current average as a function of thruster body-to-cathode 
voltage. The HET operating condition is 300 V, 3.5 kW. Error bars are 
encompassed by plot markers. 
 
5.3.2.2.2 Thruster Body Plates and Total Thruster Body Current 
Figure 82, Figure 83, Figure 84, and Figure 85 show the current collection on the 
thruster body and thruster body plates TP1, TP2, and TP3 as a function thruster body-to-
cathode voltage, respectively. It should be noted that the thruster body electrically floating 
condition is omitted from the following data current data. At an electrically floating 
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condition, there is no net current allowed to flow. The total thruster body current shown in 
Figure 82 is total collective current on the thruster body plates and on the thruster body 
surfaces not covered by the thruster body plates. In the thruster body grounded or a thruster 
body-to-cathode voltage of 11.12 V configuration, the combined current collected on the 
thruster body plates constitutes less than 2% of the total current collected on the thruster 
body. As expected the total thruster body current decreases as the negative bias increases. 
This is because the thruster body approaches the floating voltage, where the electrical 
boundary condition prevents a net flux of charge on the conductive surface. In general, the 
thruster body plates TP2 and TP3 exhibit a similar average current collection thruster body 
voltage behavior as the entire thruster body current behavior. For thruster body plates TP2 
and TP3, the current collection is negative throughout the thruster body-to-cathode bias 
voltages, which is indicative of a net flux of electrons collected on the thruster body plates. 
For thruster body plate TP1 (as shown in Figure 83), the average current collected switches 
sign between thruster body-to-cathode voltages of 4.28 V and 2.80 V. At thruster body-to-
cathode voltages above 4.28 V, the collected current is negative, indicating a net flux of 
electrons incident on the thruster body plate. At thruster body-to-cathode voltage below 
2.80 V, the collected current is positive meaning that the thruster body plate TP1 collects 




Figure 82: Total thruster body current-to-ground as a function of thruster body-
to-cathode voltage. The HET operating condition is 300 V, 3.5 kW. Error bars are 
encompassed by plot markers. 
 
 
Figure 83:  Average TP1 current-to-ground as a function of thruster body-to-
cathode voltage. The HET operating condition is 300 V, 3.5 kW. Error bars are 





Figure 84:  Average TP2 current-to-ground as a function of thruster body-to-
cathode voltage. The HET operating condition is 300 V, 3.5 kW. Error bars are 
encompassed by plot markers. 
 
 
Figure 85: Average TP3 current-to-ground as a function of thruster body-to-
cathode voltage. The HET operating condition is 300 V, 3.5 kW. Error bars are 




5.3.3 Time-Resolved Results 
As discussed in the Experimental Approach chapter, Chapter III, the thruster body 
voltage relative to ground is controlled, and the goal of the experimental configuration is 
to be able to control the voltage of the thruster body relative to the cathode-to-voltage of 
the HET. The results presented in the following section are plotted with respect to the 
thruster body voltage relative to the cathode-to-ground voltage of each testing condition. 
Figure 86 shows the cathode-to-ground voltage as function of the thruster body to ground 
voltage. The crossover point, where the thrust body voltage relative to ground becomes 
more negative than the cathode-to-ground voltage occurs between a thruster body voltage 
relative to ground of -11.86 V and -13.95 V and the corresponding cathode-to-ground 
voltage of -12.75 V and -12.74 V, respectively. It is important to note that the largest 
thruster body bias occurred when the thruster body and thruster body plates are electrically 
floating. The corresponding thruster body bias voltage relative to ground and the cathode-
to-ground voltage is -37.9 V and 13.3 V, respectively. 
 
 
Figure 86:  The cathode-to-ground voltage of the HET electrical circuit as a 
function of the Thruster body to ground voltage. The HET operating condition is 




5.3.3.1 Peaks of Power Spectra 
5.3.3.1.1 Discharge Current Oscillations of the HET 
Figure 87 and Figure 88 show the primary and secondary power spectra peak 
frequency of the discharge current, respectively. The primary spectral peak occurs in 30 
kHz range and the frequency is commensurate with the HET breathing mode discharge 
oscillation [59]. The secondary spectral peak occurs 60 kHz range, and as described in the 
axial chamber plate bias experimental configuration section, the particular HET discharge 
instability plasma mode is difficult to determine exactly. The secondary spectral peak of 
the HET discharge current has a spectral power that is an order of magnitude smaller than 
the primary spectral peak of the HET discharge current. With both of these HET plasma 
modes, they both show a thruster body bias voltage behavior that has two distinct regions. 
When the thruster body voltage relative to the cathode-to-ground voltage is positive, the 
primary and secondary spectral peak frequencies have an increasing monotonic behavior. 
When the thruster body bias voltage relative to the cathode-to-ground voltage is negative, 
the primary and secondary spectral peak frequencies have decreasing overall behavior. The 
behavior of both spectral peaks is important to keep in mind when examining the results of 





Figure 87: Peak of the discharge current power spectra for the thruster body bias 
experimental configuration. The HET operating condition is 300 V, 3.5 kW. 
 
 
Figure 88:  Secondary Peak of the discharge current power spectra for the 
thruster body bias experimental configuration. The HET operating condition is 
300 V, 3.5 kW. 
 
5.3.3.1.2 Thruster Body and Thruster Body Plates 
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The thruster body plates: TP1, TP2, and TP3 and the total thruster body current-to-
ground primary and secondary spectral peak frequency behavior is shown in Figure 89 
through Figure 96. Each of the thruster body plates experience a very different thruster 
body bias voltage spectral peak frequency behavior. The TP1 spectral peak frequency 
response (shown in Figure 89 and Figure 90) to the thruster body bias voltage matches 
closely the HET discharge current spectral peak frequency response behavior. The TP2 
spectral peak frequency response behavior is different between the primary and secondary 
spectral peaks. The TP2 primary spectral peak frequencies are bi-modal. The primary peak 
frequency response alternates between the 30 kHz range to the 60 kHz range. The 30 kHz 
range frequency corresponds to the primary spectral peak observed in the discharge current 
power spectra, and the 60 kHz range frequency corresponds to the secondary spectral peak 
observed in the discharge current power spectra. When the thruster body-to-cathode 
voltage is positive, the TP2 measures a primary spectral peak frequency in the 30 kHz 
range. When the thruster body-to-cathode voltage is negative, the TP2 measures a primary 
spectral peak frequency in the 60 kHz range. Near the crossover thruster body-to-cathode 
voltages, there is a transition regime, where the primary spectral peak frequency has a large 
sensitivity to the thruster body-to-cathode voltage. The secondary spectral peak frequency 
of TP2 has a similar bi-modal behavior with regards to positive and negative thruster body 
voltages relative to cathode. Near the crossover point, the secondary spectral peak 
frequencies of TP2 exhibit a similar transition regime as the primary spectral peak 
frequency, but at thruster body-to-cathode voltage of 0.88 V, the secondary spectral peak 
frequency of TP2 rises to 92.4 kHz. There is not a prominent spectral peak in the 




Figure 89: Primary Peak of the TP1 Current-to-ground power spectra. The HET 
operating condition is 300 V, 3.5 kW. 
 
 
Figure 90:  Secondary Peak of the TP1 current-to-ground power spectra. The 





Figure 91:  Primary Peak of the TP2 Current-to-ground power spectra. The HET 
operating condition is 300 V, 3.5 kW. 
 
 
Figure 92: Secondary Peak of the TP2 current-to-ground power spectra. The HET 
operating condition is 300 V, 3.5 kW. 
 
The primary and secondary spectral peak frequency response of TP3 (Figure 93 
and Figure 94) to the thruster body-to-cathode voltage exhibits a similar bimodal behavior 
as TP2. The crossover voltage behavior for TP3 through is different than TP1 or TP2. At 
positive thruster body-to-cathode voltages, the primary and secondary spectral peak 
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frequencies closely match what is measured in the discharge current power spectra primary 
and secondary peaks. At negative thruster body-to-cathode voltages, the primary and 
secondary power spectra peak frequencies of TP3 swap frequencies. The primary power 
spectra peak frequencies rises to the 60 kHz range, while the secondary primary power 
spectra peak frequencies lowers to the 30 kHz range. 
The total thruster body current-to-ground power spectra peaks (Figure 95 and 
Figure 96) closely follow the HET discharge current primary and secondary spectral peaks 
closely. The only major frequency shift occurs when the thruster body electrical connection 
is completely floating. This corresponds to a thruster body-to-cathode voltage of -37.9 V. 
At this thruster body voltage, the primary spectral peak frequency shifts to the 60 kHz 
range and the secondary spectral peak frequency shifts to the 30 kHz range. 
 
 
Figure 93:  Primary Peak of the TP3 Current-to-ground power spectra. The HET 




Figure 94:  Secondary Peak of the TP3 current-to-ground power spectra. The 
HET operating condition is 300 V, 3.5 kW. 
 
 
Figure 95:  Primary Peak of the total thruster body current-to-ground power 






Figure 96:  Secondary Peak of the total thruster body current-to-ground power 
spectra. The HET operating condition is 300 V, 3.5 kW. 
 
5.3.3.2 Peak to Peak and Standard Deviation of Signals 
In the results presented above, the power spectra of the electrical waveforms 
measured are discussed. In the following section, the peak to peak and the standard 
deviation of the electrical waveforms are presented. This another time resolved aspect of 
the waveforms that captures the strength of fluctuations of a signal. 




Figure 97:  Discharge current fluctuations as a function of thruster body-to-
cathode voltage. The HET operating condition is 300 V, 3.5 kW. Left: Discharge 
current peak to peak. Right: Discharge current standard deviation. 
 
Figure 97 shows the discharge current peak-to-peak and standard deviation as a 
function of thruster body-to-cathode voltage. These measurements capture the strength of 
the fluctuations in the discharge current. The peak-to-peak values are indicative of 
momentary fluctuations, and the standard deviation is more of a measure the general trend 
of the fluctuations throughout the capture period. Excluding the highest thruster body-to-
ground voltage, both of the discharge current peak to peak and the standard deviation of 
the discharge current show a decrease as the thruster body bias becomes more negative. At 
the crossover point, where the thruster body voltage transitions between positive and 
negative, the behavior of the discharge current changes. While the thruster body-to-cathode 
voltage remains positive, the discharge current peak-to-peak and the standard deviation 
have a high sensitivity to changes in the thruster body-to-cathode voltage bias. When the 
thruster body-to-cathode voltage becomes negative, the discharge current fluctuations 
become less sensitive to changes in the thruster body-to-cathode bias voltage. 
5.3.3.2.2 Thruster Body Plates 
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Figure 98, Figure 99, Figure 100, and Figure 101 show the thruster body’s and the 
thruster body plates’ peak-to-peak current and standard deviation of the current collected. 
Since the thruster body plates and thruster body are all electrically connected, the total 
thruster body current shown in Figure 98 sets the upper-limit for the intensity of the 
fluctuations of the thruster body plate currents. As the thruster body-to-cathode voltage 
becomes more negative, the total thruster body current peak to peak current and standard 
deviation current decreases. Overall, the general current trend of the thruster body plates 
track the discharge current peak-to-peak and standard deviation. The thruster body plate 
TP1, as shown in Figure 99, has a distinctly different thruster body-to-cathode voltage 
behavior as compared to the thruster body plates TP2 and TP3. For TP1, the biggest 
decrease in the peak-to-peak current and the standard deviation of the current occurs when 
the thruster body goes from 11.12 V to 4.27 V relative to the cathode. This corresponds to 
the thruster body being connected directly to ground and the thruster body being connected 
to ground through the variable resistor. For the thruster body plates TP2 and TP3, as shown 
in Figure 100 and Figure 101, the crossover point in thruster body-to-cathode voltage better 
delineates the overserved trends. Starting from 11.12 V, as the thruster body-to-cathode 
voltage approaches the crossover point, the peak-to-peak and standard deviation current 
decrease. Past the crossover point, the peak-to-peak current and standard deviation current 
begin to increase. This behavior tracks the observed trends in the discharge current peak-





Figure 98: Left) Total thruster body current-to-ground peak to peak. Right) Total 
Thruster body current-to-ground standard deviation. The HET operating 
condition is 300 V, 3.5 kW. 
 
Figure 99:  TP1 current-to-ground peak to peak (left) and standard deviation 





Figure 100:  TP2 current-to-ground peak to peak (left) and standard deviation 
(right). The HET operating condition is 300 V, 3.5 kW. 
 
 
Figure 101:  TP3 current-to-ground peak to peak (left) and standard deviation 






5.3.3.3 Time Delay and Correlation of the Thruster Body Plates 
5.3.3.3.1 Discharge Peak Event 
As demonstrated in the other waveform analysis, the correlation coefficient 
calculations performed between the entire measured waveforms and the entire discharge 
current waveform always yielded statistically strong correlations and a null time-delay. 
The following time delay calculations and the correlation coefficient are performed with 
respect the discharge current peak event. For clarity, a representative discharge current 
peak event is shown in Figure 102. 
 
Figure 102:  Representative discharge current peak event occurring at thruster 
body-to-cathode voltage of 11.12 V. The HET operating condition is 300 V, 3.5 
kW. 
 
5.3.3.3.2 The Thruster Body Plates 
Figure 103, Figure 104, and Figure 105 show the thruster body plate current time 
delay and correlation coefficient with respect to the discharge current peak event for TP1, 
TP2, and TP3, respectively. The crossover of the thruster body-to-cathode voltage 
delineates the observed behavior in all three of the thruster body plates. For thruster body 
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plate TP1, as shown in Figure 103, as the thruster body-to-cathode voltage decreases, the 
time-delay between the discharge current peak event and the current response measured 
decreases from 6.7 µs to 3.5 µs. At the crossover of the thruster body-to-cathode voltage, 
the time delay has decreased by 94% of the total change in the measured time delay. The 
time delay of the thruster body plate TP2 and TP3 current response exhibits a different 
behavior. The crossover of the thruster body-to-cathode voltage still delineates the data, 
but in the case of the thruster body plates TP2 and TP3, the behavior is bi-modal. At 
positive thruster body-to-cathode voltages, the correlation between the current response 
and the discharge current peak event is negative and the time delay is approximately 6 µs. 
At negative thruster body-to-cathode voltage, the correlation between the current response 
and the discharge current peak event is negative and the time delay is approximately 8 µs. 
Because the sign of the correlation coefficient of the current response is heavily dictated 
by the local plasma properties, the transition between a positive and negative correlation is 
indicative of bulk changes to the surrounding plasma near the thruster body plates. A more 






Figure 103:  TP1 time delay and correlation coefficient. The HET operating 
condition is 300 V, 3.5 kW. 
 
Figure 104: TP2 time delay and correlation coefficient. The HET operating 





Figure 105:  TP3 time delay and correlation coefficient. The HET operating 





Discussion of Results 
The two research goals that this thesis seeks to address are as follows: 1) How does 
the chamber wall charge recombination pathway interact with the Hall effect thruster? and 
2) How does the electrical boundary condition of the thruster body itself affect the 
operation of Hall effect thruster? The following section presents the major findings from 
each of the experimental configurations that address each of those research goals. At the 
end of each section, there is brief summary of key findings. At the conclusion of Chapter 
VI, a section is devoted to discussing the overall impact of electrical facility effects on HET 
testing. 
6.1 Discussion of Findings from Cathode Positioning Experimental Configuration 
6.1.1 Cathode Position:  Regions of Correlation 
 
Frieman, et al. [22] and the analysis presented in sections 5.1.2 and 5.1.3 classified 
cathode radial positions and observed behavior into different regions based on the 
magnetization of electrons near the cathode orifice. The magnetization of electrons is 
driven by the magnetic field produced by the HET magnetic circuit. In each of these 
regions, there were posited preferred plume neutralization, electron termination pathways. 
These electron termination pathways are described as preferential areas that neutralization 
electrons either impact (in the case of grounded surfaces) or enter (in the case of HET 
plume). At cathode positions which correspond to weak or no electron magnetization near 
the cathode orifice, neutralization electrons preferentially terminate in the plume or at the 
radial walls of the vacuum chamber. At these cathode positions where preferential electron 
termination is in the plume or radial walls of the vacuum chamber, the data from Figure 63 
and Figure 64 showed evidence that the HET discharge circuit directly deposits power onto 
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radial chamber surfaces and suggested that the HET discharge circuit can directly couple 
to the radial chamber plate through the cathode. Analysis of the correlation data presented 
in this work also support direct HET discharge circuit coupling to the radial chamber plate 
surfaces. 
In the case of the radial chamber plate correlation to the discharge current peak 
event (Figure 42), the discharge current peak event is correlated to the radial chamber plate 
current at all cathode positions except 15.6 cm away from thruster center. This strong 
correlation over a the range of cathode positions corroborates well with conclusions drawn 
from the analysis in section 5.1.3 that show that the HET discharge is coupled to the radial 
walls of the vacuum facility through the electrons propagating sourced from the cathode. 
At 15.6 cm away from thruster center line, the cathode orifice is almost in line with the 
outer edge of the discharge channel wall and is in a region of very strong magnetic fields 
and potential gradients that can drive electrons into the HET discharge and the plume [63]. 
If the coupling between the HET discharge circuit and the radial chamber wall is dominated 
by electron propagation, then it is expected that there should be poor correlation between 
the discharge current peak event and the radial chamber plate. 
Similar to the radial chamber plate, the axial chamber plate correlation to the 
discharge current peak event. The axial chamber plate current correlation to the discharge 
current peak event, as shown in Figure 43, is only strongly correlated to the discharge 
current peak event for a limited range of cathode radial positions (32.1 cm to 94.3 cm away 
from thruster centerline). For those cathode positions, 32.1 cm to 94.3 cm away from 
thruster centerline, there was a statistically significant time-delay between the discharge 
current event and the response measured on the axial chamber plate current-to-ground. This 
same range of cathode radial positions corresponds to cathode positions where Frieman, et 
al. [22] saw changes in the plasma potential and time-averaged plate currents that support 
preferential electron termination to the HET plume. At cathode positions outside of 32.1 
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cm and 94.3 cm away from thruster centerline, both Frieman, et al. [22] and the results and 
analysis presented in sections 5.1.2 and 5.1.3 demonstrate that the preferred electron 
termination shifts from being near thruster body surfaces at close cathode positions to 
facility walls at large cathode positions. As displayed in Figure 43, the axial chamber plate 
current behavior is only strongly correlated to the discharge current for cathode positions 
that correspond to plume preferential electron termination. 
6.1.2 Electrical Interaction between the Thruster and the Radial Chamber Plate 
6.1.2.1 Evidence of Cathode Coupling to Radial Plate 
To aid the discussion of the regional variation in physical mechanisms, it is 
important to distinguish between two potential sources of electrons collected on the radial 
plate. The first class of cathode electrons is one where the electron propagation into the 
downstream plume is driven by the ions accelerated by the HET discharge. These electrons 
are pulled into the beam via the electrostatic potential gradient generated by accelerated 
ions that exit the HET. An example of this electrostatic potential gradient can be seen in 
Vaudolon, et al. [63]. It is through this electrostatic potential gradient that these cathode-
sourced electrons, no longer confined by the HET magnetic field, are able to propagate in 
to the downstream plume. Once in the plume, their propagation towards the radial facility 
walls occurs both thermally and by ambipolar forces pulling electrons along with the 
charge-exchange ions. These electrons are referred to as “Class 1” electrons. The second 
potential source of electrons incident on the radial plate is one where the electrons leave 
the cathode orifice with enough thermal energy that they are unmagnetized by the HET 
magnetic field. These electrons enter the plume through both the electrostatic potential 
gradients set up by the accelerated ions and their own thermal velocity. These electrons are 
affected by ambipolar forces in the plasma, but they also have a strong thermal velocity 
component that drives their propagation outwards from the cathode orifice. A portion of 
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these electrons have velocity vectors that lead them to impact the radial chamber plate [22]. 
It is this second class of cathode electrons that is referred to when describing cathode-
sourced electrons impacting the radial chamber plate. These electrons are referred to as 
“Class 2” electrons. Both classes of electrons are utilized for neutralization. The primary 
difference between the two classes is that the propagation of Class 2 electrons to the radial 
chamber plate is controlled by the electron Hall parameter at the cathode orifice, whereas 
and the propagation of Class 1 electrons to the radial plate is controlled by weak plasma 
potential gradients and ambi-polar forces pulling electrons along with CEX ions into the 
off-axis region of the plume. 
For cathode positions in Region 1, cathode electrons are confined by the strong 
magnetization of the local HET magnetic field, and thus the electron current collection on 
the radial plate is primarily composed of Class 1 electrons. In Region 2, magnetization of 
cathode electrons is much weaker. Some cathode electrons are confined to the magnetic 
field, but a large portion of electrons have high enough thermal energy to escape the HET 
magnetic field and propagate thermally outward from the cathode orifice. In all cases 
(Region 1, Region 2 and Region 3), the plasma surrounding the radial plate is dominated 
by CEX ions. These CEX ions facilitate a transfer of spectral power between the HET 
discharge and radial plate as evidenced by the spectral power peaks of the radial chamber 
plate waveform, as seen in Figure 39 and Figure 40. For cathode positions in Region 2, a 
portion of Class 2 (as well as Class 1 electrons) high thermal energy cathode electrons that 
are not confined by the HET magnetic field are collected on the radial chamber plate. 
Evidence of these Class 2 electrons impacting the radial chamber plate is seen as elevated 
spectral power in the sub 5-kHz regime as shown in Figure 107. The actual source of this 
power in the sub 5-kHz power band can be tied to the cathode as spectral power in this 
frequency range is correspondent to the self-pulsing of the cathode discharge due to the 
internal plasma resistance of the hollow cathode discharge [96]. Further evidence 
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indicative that electrons from the cathode directly impinge on the radial plate is shown in 
Figure 106. This data was taken from initial thruster testing at a cathode position from a 
thruster centerline of 18.1 cm. Time-resolved cathode-to-ground voltage measurements did 
not occur at other cathode positions and did not occur simultaneously with other data 
presented thus far. However, this power spectra shows that the time-resolved cathode-to-
ground voltage contains elevated spectra power in the sub-5 kHz range. 
 
 
Figure 106: Representative cathode-to-ground voltage power spectra. The HET 
operating condition is at 300 V, 3.1 kW. 
 
For cathode positions in Region 3, cathode electrons are no longer magnetized by 
the HET and thermally propagate outward from the cathode orifice. In comparison to 
Region 2, the flux of Class 2 electrons colliding with the radial chamber plate is greater 
due to lower magnetization and a larger portion of the plume expansion solid angle 
intersecting with the radial plate [22]. The rise of the sub 5-kHz spectral power band to the 
dominant spectral peak, as illustrated in Figure 40 and Figure 107, is indicative of the flux 
of electrons that impact the radial plate have a significant population of Class 2 electrons. 
It is important to note that throughout all regions, the radial plate electrical waveform 
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power spectrum has peaks that correspond with the HET discharge current breathing mode 
oscillations. This means the flux of Class 2 electrons does not prevent the flux of Class 1 
electrons onto the radial chamber plate. The regional variation in radial plate power spectra 
behavior is due to the changing composition of electrons incident on the radial plate. The 
increases in the sub 5-kHz spectral peak on the radial plate suggest a stronger coupling 
between the cathode plasma and radial plate. It is unclear, however, if this coupling is a 
one-way interaction, where the radial plate does not influence the cathode behavior or if 





Figure 107:  Radial plate current-to-ground power spectra for the floating 
thruster body electrical configuration. Top: Cathode position is at 32.1 cm from 
thruster centerline (Region 2). Bottom: Cathode position is at 77.8 cm from 
thruster centerline (Region 3). The HET operating condition is at 300 V, 3.1 kW 
 
6.1.2.2 Higher Frequency Spectral Peak of the Radial Plate Power Spectra 
Figure 39 shows the presence of a frequency peak in the 50 kHz range. The two 
frequency peaks (~30 kHz and ~50 kHz) of the radial plate power spectra are found 
consistently in Region 1 and in some cathode positions in Region 2. The second higher 
frequency peak is at least 1-2 dB stronger than the discharge oscillation frequency. The 
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source of this power on the radial plate could be from two different sources: self-induced 
cathode oscillations or a dominant HET plasma oscillatory mode in that frequency range. 
In the case of the self-induced cathode oscillations, the approximate 50 kHz peak is 
consistent with cathode measurements taken by Sekerak [32]. However, in Region 1 
cathode positions, the cathode-electrons are confined to HET magnetic field. Only cathode 
electrons with the highest energy could propagate toward the facility wall. If it were the 
case that these high-energy electrons drive the approximate 50 kHz spectral power peak on 
the radial plate, then it is expected that there should be an increase in power in the 50 kHz 
range for increasing cathode positions. This is not the case because at large cathode radial 
positions, the double peak structure around the discharge oscillation is no longer present in 
the Region 3 radial plate power spectra. Because the spectral power at the 50 kHz frequency 
peak is almost equal to breathing mode frequency peak, it is more likely that the source of 
the higher frequency peak is related to another discharge plasma instability. The data 
presented in Figure 39, Figure 40, and Figure 41 suggest that the active source of energy 
for this secondary spectral frequency peak may be due to a plasma instability mode in the 
HET discharge. Further investigation in this area is beyond the scope of this manuscript. 
6.1.3 HET Discharge Current Oscillation 
From the data presented thus far, there appears to be a connection between the 
changes in the discharge current and the radial plate electron current, and radial plate 
floating voltage. The change in the peak-to-peak discharge current (Figure 36), discharge 
current peak frequency (Figure 37), and FWHM of the discharge current peak frequency 
(Figure 38) correspond to a change in the radial plate peak frequency (Figure 40) and the 
radial plate average collected electron current as shown by Frieman, et al. [22]. Even so, it 
is unclear as to whether these corresponding changes are due to the increased coupling to 
the radial plate, due to changes caused by the cathode position relative to the HET magnetic 
field, or due to both of these aforementioned processes. Much work has been done on 
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cathode position [19, 38, 46, 64, 66, 67], and the general consensus is that the cathode 
position can be very important in determining the operating behavior of the HET. The 
actual physical mechanisms that drive this behavior are not fully understood. Work done 
by Jorns, et al. [10] suggests that the formation of ion acoustic turbulence (IAT) is a key 
physical mechanism in governing electron transport and collisionality in the near cathode 
orifice plume. The IAT may be a key physical mechanism that could explain both changes 
in the radial plate electron current and the discharge current; however, such data and 
analysis is beyond the scope of this manuscript. 
6.1.4 The Impact of the Conductive Wall on HET Operation  
 The results of the analysis presented in this work indicate that the chamber walls 
directly influence the plume properties of the HET. As described by Frieman, et al. [22, 
72], the charge loss rate at the chamber walls can significantly affect the plume plasma 
potential. From the time-resolved analysis of the discharge current and chamber plate 
current and voltage that show strong temporal statistical correlation between the discharge 
current and the radial plate and axial plate at all cathode regions indicate that the chamber 
walls are coupled in time to the HET discharge. The chamber walls represent an artificial 
electrical boundary condition that forces electron and ion charges to recombine at the wall 
surface. As evidenced by the strong negative correlation between the discharge current and 
the radial chamber plate current (Figure 42), increases in the discharge current 
subsequently result in an increase in the collected electron current. Extending this result to 
all chamber surfaces, fluctuations caused by the HET in the near the chamber wall local 
plasma parameters result in changes in the charge loss rate to the wall. The charge loss rate 
to the wall influences the sheath potential drop and can greatly influence the global plasma 
potential [3, 72]. Thus, the chamber walls act to confine the temporally-resolved plasma 
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potential in the plume to within certain bounds. This is not the case in the space 
environment, where the HET plume electrical boundary condition is not spatially enforced 
and conductive surfaces that interact with the HET plasma are not held at a constant 
potential. It has been witnessed from the data and analysis gathered from the SMART-1 
mission that exposed, low voltage solar panel contacts in the HET plume can drive the 
plasma potential relative to the satellite bus common and the cathode-to-satellite bus 
common voltage in a way that was not anticipated from ground-based testing [51, 52, 55]. 
Such changes in the plasma potential alter the flow of charge particles onto spacecraft 
surfaces. The changes in cathode-to-satellite bus common may influence the time-resolved 
behavior of the HET. 
6.1.5 Timescale of Physical Mechanisms in the Hall Current Thruster Plume 
To evaluate whether the measured time-delay from the radial chamber plate 
currents are derived from common plasma physical processes, propagation times of 
different plasma waves are considered. The radial chamber plate is located in a plasma 
region without external magnetic fields and external electric fields. The lack of external 
magnetic fields and external electric fields in this region means that plasma in this region 
can only support Langmuir wave modes or ion-acoustic wave modes. It has been shown 
by Lobbia [75] and Jorns, et al. [10] that both of these wave modes are present in the HET 
testing environment. Since the results from section 5.1.2, 5.1.3  indicate that the cathode 
may be directly interacting with the radial chamber plate and the work by Jorns, et al. [10] 
shows that the hollow cathode excites ion-acoustic turbulence in the near field region of 
the cathode, the ion-acoustic wave speed is considered. Although any influence from the 
discharge channel plasma that propagates to the radial wall must go through a region of 
plasma with strong magnetic fields, calculation of the ion-acoustic wave speed will 
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determine a minimum propagation (time-delay) time between the discharge plasma and the 
radial chamber if the ion-acoustic wave mode is an important factor to consider. Using a 









where γi, k, Ti, Te, and mi are the ion ratio of specific heats, Boltzmann constant, ion 
temperature, electron temperature, and mass of the ion (in this case xenon), respectively. 
Langmuir probe measurements  for the cathode at 18.1 cm away from thruster centerline, 
indicate that the electron temperature from 0.254 m to 0.864 m away from the radial plate 
to be 1.5 eV ± 0.15 eV. Because of the small variance in measured electron temperature, it 
is assumed that in the spatial region between the HET and the radial chamber plate the 
electron temperature remains spatially uniform and there is negligible ion temperature 
compared to electron temperature (Ti << Te). With these assumptions in-place, the 
calculation of the ion-acoustic wave speed via equation 21 yields an ion-acoustic wave 
speed of ~1000 m/s. Based on the spatial distance of the HET to the radial plate and that 
estimated ion-acoustic wave speed, the propagation delay between HET and radial 
chamber plate should be on the order of 2 ms. The estimated ion-acoustic based time-delay 
presented neglects the effects of the HET external magnetic field and including those 
effects would increase the estimated time-delay. This is due to the external magnetic field 
of the HET that limits the mobility of electrons in the near field of the HET. Thus, the 
predicted ion-acoustic dependent time-delay presented is a lower limit, and in the actual 
testing environment, the ion-acoustic wave mode would propagate more slowly to the 
radial chamber plate. In this experimental configuration, the actual measured time-delay 
(9.5 µs to 11.8 µs) between the discharge current peak event and the radial chamber plate 
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measured response in the current to ground is two orders of magnitude longer than the ion 
acoustic wave mode predicted time-delay. Therefore, the measured time-delay between 
discharge current peak event and the response of the current collection on the radial 
chamber plate is too short to be purely dominated by the ion-acoustic wave mode. 
As in the case of the radial chamber plate, the likely physical mechanisms 
connecting the axial chamber plate to the HET discharge circuit are evaluated. Like the 
radial chamber plate, the plasma environment is without external electric and magnetic 
fields. Additionally, the plasma surrounding the axial chamber plate has a large population 
of ions that are accelerated via the HET discharge circuit. Work by Frieman, et al. [72] 
suggests that the current collected on the axial plate is kinetically controlled through the 
beam ions. To evaluate whether or not ion time-of-flight kinetics control the axial plate 
current collection, the measured time-delay is compared to the time required for beam ions 
to traverse the distance between the discharge channel exit plane and the axial chamber 
plate. Based on thrust measurements of Frieman, et al. [22], the exit velocity of the ions is 
estimated from the specific impulse and is found to be on the order of 16 km/s. This gives 
the ions an average time-of-flight of ~300 µs, which is an order of magnitude longer than 
the measured time delay between discharge current peak event and the measured response 
on the axial chamber plate current-to-ground (8.1 µs to 9.3 µs). The fastest possible ions 
accelerated from the HET discharge are those that experience the maximum potential drop 
set by the discharge supply and plasma potential, and those ions that are doubly charged 
[3]. Since the exit velocity of the ions scales by the square root of the potential drop and 
the square root of the charge state, a doubly charged ion going through the entire potential 
drop between the anode and the plasma potential (Vaccel~270 V for a discharge voltage of 
300 V, assuming Vcg is approximately -10 V and Vp is approximately 20 V) results in a 
reduction in the ion time-of-flight to approximately 180 µs. Even by accounting for the 
shortest possible ion time-of-flight, the time-delay between discharge current peak event 
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and the response of the current collection on the axial chamber plate is too short to be 
purely dominated by ion time-of-flight kinetics. As in the previous radial chamber plate 
calculation, the ion-acoustic velocity can be calculated. Since the ions in the HET beam 
have a large downstream velocity and the axial plate is located directly downstream of the 
HET, the ion-temperature is assumed to be on the order downstream ion velocity. Using 
equation 21, the ion-acoustic wave speed is calculated. Assuming iso-thermal wave 
propagation (γi=1), an ion velocity that corresponds to a potential of 250 V (as shown in 
Figure 33) and centerline electron temperature of 2.5 eV [97], the ion-acoustic wave-speed 
in the beam is found to be on the order of 14 km/s. This wave-speed results in a predicted 
time-delay between the thruster and the axial chamber plate of 310 µs. As with the time-
of-flight calculations, the upper bound on the ion acoustic wave speed is considered. For 
the ion-acoustic wave speed, the upper limit is dictated by the ion temperature (in this case 
the ion velocity) and the electron temperature [3]. The ion temperature is set by the 
discharge of the HET [3, 5]. This sets the upper limit of the ion velocity that corresponds 
to a potential of 270 V. Based on electron temperature measurements of the T-140 HET at 
300 V at thruster centerline, the maximum the electron temperature measured was 2.6 eV. 
This puts an upper limit on the ion acoustic wave speed to 14.2 km/s and a lower limit of 
the ion-acoustic time-delay of 300 µs. Even by considering the fastest possible ion acoustic 
wave-speed, the estimated time-delay is an order of magnitude greater than the measured 
time-delay; therefore, the time-delay between discharge current peak event and the 
response of the current collection on the axial chamber plate is too short to be purely 
dominated by ion-acoustic wave propagation. 
In both the axial and radial chamber plate, the measured time-delay is one to three 
orders of magnitude shorter than what is predicted considering the time-scales of ion time-
of-flight as well as ion-acoustic wave speed time-scales. Since the electrons in the plasma 
are the most mobile charge carriers, the electron wave speed, also known as the Langmuir 
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wave speed, is considered. To zeroth order, the Langmuir wave speed can be estimated as 








where k, Te, and me is the Boltzmann constant, electron temperature and the mass of an 
electron, respectively. Centerline electron temperature measurements at 1 m downstream 
of the discharge channel exit plane show that the electron temperature is 2.5 eV. This 
electron temperature results in a calculated electron thermal velocity of 660 km/s. Because 
the electron-neutral and the electron-ion collision mean free path is on the order of meters, 
it is assumed that the electron temperature remains constant throughout the spatial distance 
between the axial chamber plate and the HET. The resulting predicted time-delay between 
the axial chamber plate current-to-ground and HET discharge current event is on the order 
of 6 µs. For the radial chamber plate, a similar calculation (Te = 1.5 eV) as before yields a 
predicted time-delay on the order of 4 µs. The electron thermal velocity predicted time-
delay is on the same order of the actual measured time-delays. This agreement of time-
delays indicates that electron wave modes are likely the main physical mechanisms that 
governs the electrical interaction between the HET and the chamber walls. 
6.1.6 Summary of Findings from Cathode Positioning Experimental Configuration 
With regards to understanding the interaction between the HET and the chamber 
walls recombination pathway, the analysis of the cathode positioning experimental 
configuration is able to demonstrate key attributes about the link between the HET 
electrical circuit and the conductive walls of the vacuum chamber. From this work, it is 
clearly established that the HET discharge circuit is coupled to the walls of the vacuum 
facility. The analysis of the time-averaged and the time-resolved measurements of the 
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chamber plate currents revealed that changes in the HET discharge current result in 
corresponding changes in the electrical characteristics of the chamber plates. Based on the 
time-delay analysis, the propagation mechanism that communicates information from the 
HET discharge to the chamber walls is linked to the electron Langmuir plasma wave 
instability. When the cathode orifice position is in a location that has a weak electron 
magnetization, there is demonstrated evidence that the HET couples more strongly to the 
plume and to the walls of the vacuum chamber. Both of these findings support that how 
and where the electrons leave the HET electrical neutralization circuit is an important factor 
on how the chamber walls interact with the HET. Due to complications separating effects 
due to the enhanced chamber wall coupling and effects due to cathode position, it is 
difficult to directly identify which aspects of the HET discharge are influenced by the 
facility walls recombination circuit. Overall, the results from the analysis of the cathode 
positioning work are able confirm that the chamber walls are electrically coupled to the 
HET discharge and is able to identify Langmuir plasma wave propagation as the likely 





6.2 Discussion of Results from Biasing of the Axial Chamber Plate 
6.2.1 Plasma Potential and Plate Current 
To better understand the interaction between the axial plate and the HET electrical 
circuit, it is first important to understand the interaction between the axial plate and the 
thruster plume environment. Between the axial plate and the plume environment, a plasma 
sheath mediates the current collection. It is then critical to understand how this sheath 
responds to changes in the axial plate bias voltage. 
Examining the data presented in Figure 53, the current collected by the axial plate 
rises with bias voltage until it reaches the thruster beam current that occurs at 20 V above 
ground. At this potential, the plate collects an electron current equivalent to the 
neutralization current supplied by the cathode. Above 20 V, increases in the axial plate bias 
voltage result in equal increase of the plasma potential and the floating potential of the 
thruster anode and cathode (Figure 56. At these voltages, it is possible to increase the 
cathode potential above ground. The collected current increases slowly, as all the cathode 
neutralization electrons are already being collected and additional electrons must be 
sourced from grounded chamber surfaces. The physical connection between the two 
phenomena (knee in current collection and start of plasma potential rise) is the plasma 
charge balance. If the plate is biased positive with respect to earth ground, the plasma will 
electrostatically respond and the plasma potential will adjust to equalize charge loss rates 
and keep the plasma electrically neutral. 
To illustrate the effect of the plasma charge balance and to determine if there are 
other sources for the additional electron current collected on the axial plate outside of the 
HET beam, we model the current collection by the plate and chamber boundary to compare 
to the experiment. To know the current collection, we need the local plasma parameters at 
the boundary. To this end we apply the self-similar plume model of Korsun and 
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Tverdokhlebova [56] as reported in Azziz [98]. This model neglects collisional effects in 
the chamber, assumes a two-component plasma, and adiabatic expansion of the HET 
plume. The model gives the following relations to calculate the ion flux ji, electron density 























































































































In equations (23)-(28), R and θ are polar coordinates with the origin at the center of 
the thruster exit plane, θ1/2 is the thruster beam divergence, γ is the plasma polytropic index 
which we set to 1.3, and subscript c refers to the centerline or reference value. We assume 
that the model form of the plasma potential is always true no matter the bias voltage of the 
axial plate, and thus the plasma potential in the chamber has a fixed spatial distribution. 
This can be considered true to first order, because the expanding plume structure described 
by the model is set up by the operation of the thruster, and the measured plasma potential 
profile (Figure 58) has approximately the same plasma potential spatial distribution relative 
to other positions. 
The chamber wall and axial plate is paneled as a series of rings of 0.1 m width. At 
each boundary panel, the ion flux, electron density, electron temperature and plasma 
potential is calculated from equations (23)-(28). We then calculate the ion current to the 
panel from the ion flux assuming singly charged ions (29) and the electron current to the 
panel (30). 



















































We then solve numerically for the value of plasma potential that equalizes the total 
ion and electron currents lost from the plasma to all panels. Figure108 shows the result for 
the plasma potential 1 meter from the thruster compared to the experimental data. Figure 





Figure108:  Plasma potential as a function of axial plate bias voltage, model versus 
experiment.  The HET operating condition is at 300 V, 3.1 kW. 
 
 
Figure 109: Axial plate current collected as a function of applied bias voltage, 
model versus experiment. The HET operating condition is at 300 V, 3.1 kW 
 
Figure108 shows that the plasma potential behavior in the model agrees well with 
experimental data and shows 3-4 V offset between the model and the experimental data. 
The remaining offset between model and experiment may result from collisional effects 
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changing the plasma scaling in the far field region, where the charge-exchange background 
plasma becomes significant with respect to the expanding-plume plasma. It may also be 
due to the simplified assumed geometry, which neglects ion and electron fluxes to detailed 
chamber features such as the central I-beam and personnel support grating. Figure 109 
shows that the collected current agrees qualitatively, but all of the cathode electrons are 
theoretically collected at a much lower bias voltage than is observed experimentally. This 
is most likely because the model does not take into account collisional effects and the 
charge-exchange background plasma. In the model, the plasma density is very low at 
chamber walls surfaces that are not directly impinged by the beam, where in reality the 
plasma is denser at the walls due to charge-exchange collisions and the associated diffusion 
of the plasma. This in turn means that the plate does not collect all the electrons until a 
higher bias voltage. 
It is important to note that secondary electron emission effects on the aluminum 
chamber plate collected current are neglected in the model for the following reasons: 
Electron energy distribution measurements of secondary electron emission (SEE) of 
aluminum from Baglin, et al. [99], Pillon, et al. [100], and Yamauchi and Shimizu [101] 
show that the energy distribution of secondary electrons is to first-order invariant of 
incoming energy of electrons or ions, and the maximum energy of these electrons is on the 
order of 15 eV with a most probable energy on the order of 3-4 eV. This means that 
electrons produced via SEE from the aluminum plate do not have enough energy to 
overcome the potential difference between the biased axial chamber plate and the 
surrounding plasma and are recollected by the axial-chamber plate. The overall first-order 
net-effect is that electrons produced by the SEE from the aluminum chamber plate do not 
influence the current collection measured. The collected current in the model does not 
increase above the cathode electron current because additional electrons gained from other 
chamber sources are not included in the model. At the axial chamber plate biases greater 
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than 20 V, there is an experimentally measured current collection that is well outside what 
is known to be generated by the HET beam; therefore, it is concluded that an electrical 
circuit is formed between the axial chamber plate and the grounded vacuum chamber 
surfaces through the plasma. 
6.2.2 Interaction Between the HET and the Chamber Recombination Pathway 
The bias voltage of the axial chamber plate is able to control the electron 
termination pathways of the HET plume. When the axial plate is grounded, electrons 
sourced from the cathode are driven electrostatically into the plume and are collected onto 
grounded chamber surfaces. This includes electron current collected onto grounded 
thruster body. As the axial chamber plate electron current collection surpasses the available 
beam current of the HET, the cathode potential (relative to ground) floats above ground 
due to the increase in the global plasma potential as shown in Figure 56, Figure 58, and 
Figure108. Due to the adverse potential gradient between the grounded chamber walls and 
the cathode-to-ground voltage, electron termination on grounded chamber surfaces 
diminishes. Figure 110 shows that the decrease in collected electron current on grounded 
surfaces was also seen in collected electron current on the grounded thruster body. The 
floating potential of the electrically-floating thruster body also begins to shift positive 





Figure 110:  Thruster body current-to-ground and Thruster body floating voltage 
as a function of axial plate bias voltage. The HET operating condition is 300 V, 3.1 
kW. Error bars are encompassed by plot markers. 
 
At axial plate bias voltages above 20 V, 100% of the HET beam current is collected 
on the axial chamber plate, but electron current collection continues to increase with 
increases in axial chamber plate bias voltage. As demonstrated by the first order analysis 
of the current collection on the axial plate (shown in Figure 109), grounded chamber 
surfaces are possible sources for these electrons due to field emission or secondary electron 
emission from chamber surfaces to the plume plasma as increasing the axial chamber plate 
bias voltage increases the potential gradient between the plasma and the grounded chamber. 
As the potential gradient between the chamber wall and the plasma increases, at bias 
voltages above 40 V, arcing events were witnessed on grounded chamber surfaces. These 
arcing events indicate a momentary discharge between grounded surfaces and the ambient 
plasma. At axial plate bias voltages >40 V, the potential gradient between the plasma 
potential and grounded chamber surfaces drives all electrons away from grounded surfaces. 
This potential difference removes the vacuum chamber as an effective electron termination 
pathway and allows grounded chamber surfaces to become a source of electrons. In Figure 
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111 is graphical representation of the electron termination pathways for the aforementioned 
three axial chamber plate bias voltages. 
 
 
Figure 111:  Notional Diagram of Electron Pathways. A) No axial plate bias 
voltage or nominal condition B) Low axial plate bias voltage C) High axial plate 
bias voltage. 
 
6.2.3 Decoupling of the Radial Chamber Plate from the HET Discharge 
By controlling the global plasma potential of the plume, the voltage bias of the of 
axial chamber plate is able to decouple the radial chamber plate from the HET discharge. 
From a steady-state perspective, increasing the axial chamber plate bias voltage results in 
a reduction of electron current collecting on the radial plate (as seen on seen in Figure 54). 
As discussed in the above sections, this is due to a global rise in plasma potential. To a 
certain degree, this global increase in the plasma potential also decouples the radial 
chamber plate from the HET discharge. At axial chamber plate voltage biases relative to 
ground greater than 15 V, the primary spectral peak frequency shifts from being in a 
frequency band that is connected to the breathing mode of the HET (30 kHz range) to a 
higher order frequency range (140 kHz range). At the same axial chamber plate voltages, 
the radial chamber plate experiences an order of magnitude drop in the time delay from the 
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30 µs range to the 8 µs, as seen in Figure 66. Both of these large shifts are coincident with 
the axial chamber plate voltage bias that collect an electron current equal to the beam 
current of the HET. 
Although it is unclear as to what the radial chamber plate couples to at large axial 
chamber plate bias voltages, the work done in the cathode positioning experimental 
configuration illustrated that the radial chamber plate can couple to other plasma modes. 
For the axial chamber plate bias experimental configuration, the shift in the primary 
spectral peak frequency to a frequency range that is not seen in the discharge current power 
spectra is indicative that radial chamber plate at least decouples from the fundamental 
breathing mode of the HET discharge at large axial bias plate voltages. 
6.2.4 Impact of the Axial Chamber Plate Electrical Power 
As seen from radial chamber plate current measurements (Figure 54) and plasma 
potential measurements near the radial plate (Figure 55), electrons are driven away from 
grounded surfaces due to the increased potential difference between the facility walls. The 
decrease in electron current-to-grounded surfaces is more indicative of space-like 
environment [57, 102]. According to Korsun, et al. [57], testing in a ground-facility 
environment produces a secondary plasma that interacts with the facility walls and currents 
“leak” out of the HET plume into this secondary plasma. These currents represent a loss of 
energy from the HET plume into the vacuum chamber walls. With the axial chamber plate, 
the forced collection of electrons provides additional energy into the plume. By multiplying 
the current and the voltage of the axial chamber plate, the power being introduced by the 
axial chamber plate is calculated and shown in Figure 112. Based on the data presented in 
this investigation, it is within reason to conclude that the power introduced by the axial 
chamber plate, in manipulation of the electron termination pathways, helps offset the 
energy normally loss to conductive grounded surfaces. The compensation of power loss to 
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the conductive walls of the vacuum chamber helps make the HET plume more 
representative of the on-orbit environment. 
 
 
Figure 112: Power sourced by the axial chamber plate for both thruster electrical 
configurations. The HET operating condition is at 300 V, 3.1 kW. Error bars are 
encompassed by plot markers. 
 
6.2.5 Enhanced Current Density in the Off-Axis Plume 
As shown in Figure 57, the off-axis region of the plume has a current density that 
is influenced by the axial chamber plate bias voltage. As stated earlier, the Faraday probe 
has a fixed electron repulsion voltage throughout the testing; therefore, it is not 
immediately clear if the measured increase in the current density profile is due to changes 
in the plume or as a result of the Faraday probe fixed electron repulsion voltage. Without 
further modeling, the increase in current collected on the Faraday probe due to the increase 
in the potential gradient between the probe and the plasma cannot be estimated. In Figure 
113, data is presented that offers an alternative means of assessing the validity of the 
measured current density in the off-axis region of the plume. As in Figure 57, the 
uncertainty in the ion current density profile between axial chamber plate bias voltage for 
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a given cathode position is encompassed by the line widths of the figure plots. Faraday 
probe sweeps were taken at four different cathode radial locations relative to thruster 
centerline:  18.1 cm (nominal position), 21.9 cm, 27.0 cm, and 43.4 cm. At the cathode 
nominal position and an axial chamber plate bias of 50 V, the current density is 
approximately 25% higher as compared to values measured for the grounded axial chamber 
plate condition. At other cathode positions, the increase in current density is on the order 
of 45% to 50% relative to current densities measured for the grounded axial chamber plate 
conditions. This variation of behavior in current density measured is enough to suggest that 
the increase in current density measured for high axial chamber plate voltages is due in part 




Figure 113:  Current density profiles in the off-axis region of the HET plume for 
varying cathode positions relative to thruster centerline. The HET operating 





6.2.6 Summary of Findings from Biasing the Axial Chamber Plate Experimental 
Configuration 
For this experimental configuration, the goal is to influence the chamber walls 
recombination current or pathways directly and in doing so, be able to discern the influence 
of the chamber wall recombination pathway on the HET behavior. Overall, the bias of the 
axial chamber plate proves to be an effective way to manipulate this pathway specifically. 
By biasing the axial chamber plate, the plasma environment experiences global increases 
to the plasma potential that drive electrons away from grounded chamber surfaces, thus 
reducing the availability of the chamber wall recombination pathway. This is evidenced 
from the time resolved measurements of the radial chamber plate current-to-ground. As the 
axial chamber plate bias voltage relative to ground increases, the radial chamber plate 
begins to decouples from the fundamental breathing mode of the HET discharge. The HET 
discharge circuit itself responds to the changes in the plume plasma potential by floating 
to a higher cathode-to-ground floating voltage. The frequency of the discharge current 
breathing mode is relatively insensitive to these changes. Overall, the biggest changes 
observed occur in the plume structure of the HET. Care must be taken because at large 
enough axial plate bias voltages, a new electron termination pathway becomes available to 
the plasma. Based on visual observations and spikes in the electrical diagnostics indicate 
that this new pathway is driven by field-effect emission between the plasma potential and 
sharp grounded metal surfaces. The energy to support all these changes in the HET plume 
is supplied through the axial chamber plate bias supply. Ultimately, the analysis from the 
results of this experimental configuration is able to provide answers to the research 
question of how the chamber wall recombination pathway influences HET behavior by 
showing that the chamber-wall recombination current influences the HET by altering the 




6.3 Discussion of Results from Thruster Body Biasing Experimental Configuration 
6.3.1 Manipulation of Localized Recombination Currents on the Thruster Body 
Like the walls of the vacuum test facility, the thruster body supports its own 
recombination pathways. In general, any recombination current are influenced by two 
factors: The first factor, is due to the local variation in the plasma environment surrounding 
exposed conductive surfaces. The second factor is the electrical boundary condition of that 
surface. Depending on the combination of those two factors, the net flux of current 
collected on the conductive surface will vary. For the thruster body bias experimental 
configuration, both of these factors are not decoupled from each other. In this experimental 
configuration, the control methodology sought to alter the availability of these pathways 
by controlling the time-averaged thruster body voltage relative to the cathode voltage. In 
general, as the thruster body-to-cathode voltage becomes more negative, less current is 
collected on each of the thruster body plates and thruster body surfaces. This is to be 
expected as the thruster body to ground voltage approaches the floating voltage of the 
thruster body. 
Sign changes of the current measurement are key indicators of structural changes 
to the recombination current structure. Examination of time-averaged current 
measurements of the thruster body plate TP1 (as shown in Figure 83) reveal that the sign 
change of the current collected occurs between thruster body-to-cathode voltages of 4.2 V 
and 2.8 V. This sign change indicates that the axial chamber plate goes from collecting a 
net flux of electrons to a net flux of ions. Because of Kirchoff’s current law, these changes 
in the current structure must be balanced by current collection on other thruster body 
surfaces. Since the thruster body plate TP1 collects no more than 4% of the total current 
collected on the thruster body, this particular recombination current may not be a 
significant factor in influence on the overall behavior of the thruster body recombination 
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pathway. However, the sign change of thruster TP1 plate indicates that structural changes 
in the thruster body recombination circuit are possible elsewhere on the thruster body. 
 Control of the thruster body recombination current must also be examined from a 
time-resolved perspective. It has been clearly demonstrated by many sources that the near 
field plasma environment of a HET is spatially and temporally varying [10, 37, 63, 65, 69, 
75]. This means that the plasma environment surrounding the thruster body is not uniform. 
Examination of the time-resolved response of the current on the thruster body plates reveal 
each of the thruster body plates experience different thruster body-to-cathode voltage 
dependent behaviors. For thruster body plates TP2 and TP3, the crossover of the thruster 
body-to-cathode voltage from positive to negative delineate two different frequency 
responses in their power spectra of the collected current (Figure 89 through Figure 94). At 
positive thruster body-to-cathode voltages, the primary spectral peaks have frequencies 
that are in the same range as the HET discharge current breathing mode frequency. At 
negative thruster body-to-cathode voltages, the primary spectral peaks of the thruster body 
plates TP2 and TP3 shifting to frequencies outside of the HET breathing mode. This 
spectral frequency change is indicative of the thruster body plates coupling to other plasma 
modes and serves as evidence that the thruster body-to-cathode voltage is a key parameter 
in determining the characteristics of the thruster body recombination pathway. 
6.3.2 Influence of the Thruster Body Recombination Pathway on the HET Discharge 
The thruster body interacts directly with the HET discharge. The first indication of 
this interaction is through the average current collected on the thruster body surface. When 
the thruster body is grounded, between 1.5 A and 2.8 A of electron current are collected on 
the thruster body. The collected current is approximately 21% to 40% of the total beam 
current created by the HET discharge. As the thruster body to ground voltage approaches 
the floating thruster body voltage, the collected current decreases. As demonstrated by the 
axial chamber plate bias experimental configuration, collection of that much electron 
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current influences the entire HET plume. Based on the lessons learned from the axial 
chamber plate bias experimental configuration, it is expected that the thruster body surface 
must interact with the HET as well. As shown in Figure 87, the discharge current breathing 
mode frequency decreases from 32.1 kHz at the grounded thruster body condition to 31.1 
kHz at the thruster body floating configuration. As discussed in Chapter II, this change in 
the breathing mode frequency is related to changes in the physical processes ongoing inside 
the discharge channel. Further reflecting the changes in the fundamental behavior of the 
discharge of HET, the greatest sensitivity of the HET discharge to the thruster body-to-
cathode voltage is to the transient behavior of the discharge current. The peak-to-peak and 
standard deviation of the discharge current behavior as function of thruster body-to-cathode 
voltage is shown in Figure 97. Between a thruster body-to-cathode voltage range of 11.12 
V to -25.55 V, the peak-to-peak and standard deviation of the HET discharge current 
decreases by approx. 20% and 32%, respectively. Both measurements indicate that as the 
thruster body-to-cathode voltage changes, the discharge current oscillations decrease in 
intensity. With regards to the discharge current peak event, the structure of these events 
change dramatically between a thruster body grounded and thruster body electrically 
floating. The discharge current event between the grounded thruster body configuration 





Figure 114:  Discharge current peak event. Left) grounded thruster body. HET 
operating condition is 300 V, 3.5 kW. Right: electrically floating thruster body, 
HET operating condition is 300 V, 3.6 kW. 
 
 The structure of the discharge current peak event for the grounded thruster body 
configuration is marked by three distinct peaks in the discharge current. The structure of 
the discharge current peak event for the floating thruster body is marked by only one 
distinct peak in the discharge current. Examination of the discharge current peak events at 
the other thruster body-to-cathode voltages show that the multiple peaks structure in the 
discharge current peak event are only present when the thruster body-to-cathode voltage is 
positive. When the thruster body-to-cathode voltage becomes negative, the discharge 
current peak event contains only a single large peak. Because changes in the discharge 
current of the HET electrical circuit are directly related to changes in the physical processes 
in the discharge, the structural change in the discharge current peak event is indicative of 
large-scale changes to the physical processes on going in the HET discharge. To better 
understand what may be the source of why these structural changes at the crossover thruster 
body-to-cathode voltage, consider that the cathode produces electrons with a potential 
around the cathode-to-ground voltage. When the thruster body-to-cathode voltage is 
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positive, electrons in the near thruster body region are attracted to the thruster body. When 
the thruster body-to-cathode voltage is negative, electrons in the near thruster body region 
are repelled away from the thruster body. This is a zeroth order viewpoint. Because of the 
magnetic fields and time-varying discharge, electron transport between the cathode and the 
thruster body is a complex physical problem. The actual physical mechanisms that drive 
this delineation may be more complicated. Actual electron transport in the near field of the 
HET and cathode is an active area of research [10], and further investigation into this 
process is outside the scope of the thesis. 
6.3.3 Thruster Body as an Electrical Load 
As is evidenced throughout this thesis work, the thruster body collects a significant 
electron current. In the thruster body bias experimental configuration, the thruster body 
voltage bias is controlled by adjusting the resistance to ground of the thruster body. 
Because both the voltage and the current are measured simultaneously, the actual power 
dissipated through the thruster body can be calculated. Additionally, the time-resolved 
resistance to ground of the thruster body can also be calculated. Figure 115 shows the 





Figure 115: Power dissipation through the thruster body. The HET operating 
condition is at 300 V, 3.5 kW 
 
  
The thruster body power, both time averaged and peak-to-peak, increases as the 
thruster to cathode voltage approaches 2.8 V. At a thruster body-to-cathode voltage of 2.8 
V, there is a sudden drop in power dissipation to the thruster body. Examination of the time 
resolved power dissipation at that thruster body-to-cathode voltage reveals the cause for 
the sudden drop in power dissipation (Figure 116). While the majority of the power 
dissipated is positive, there are substantial lengths of time where the power dissipation 
become negative. These periods of time are preceded by sharp spikes in power dissipated 
into the thruster body circuit. The calculation of the average resistance of the thruster body 
at a thruster body-to-cathode voltage of 2.8 V results in a resistance of -4.6 Ω. A negative 
resistance indicates that the thruster body to ground circuit is able to temporarily store 
energy (capacitively and/or inductively) and source power to the surrounding plasma. Such 
behavior of loads is characteristic of non-linear factors at play. A plasma can be coupled 
to a power source capacitively or inductively, so it stands to reason that at this behavior 
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could be due to a thruster body plasma interaction. To determine the exact reason for 
interaction would require work that is outside the scope of this investigation. As 
demonstrated from the results and analysis, however, the thruster body recombination 
pathway cannot be simply represented as a resistive pathway, and there are complex 
physical interactions ongoing between the thruster body and surrounding plasma. 
 
 
Figure 116: Thruster body power dissipation at a thruster body-to-cathode 
voltage of 2.8 V. The HET operating condition is at 300 V, 3.5 kW. 
 
6.3.4 Summary of Findings from Thruster Body Biasing Experimental 
Configuration 
In this experimental configuration, the goal is to be able to change the availability 
of the thruster body recombination pathways and determine their influence on the HET 
operating behavior. Controlling the thruster body-to-cathode voltage is an effective method 
to directly manipulate the availability and structure of the thruster body recombination 
pathways. Subtle changes in the thruster body-to-cathode voltage are able to influence the 
thruster discharge. From a time-resolved perspective, the crossover between a positive or 
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negative thruster body-to-cathode voltage is an important factor in determining the 
coupling of the thruster body to the HET discharge and the structure of large-scale 
transients in the discharge current. As the thruster body approaches a floating electrical 
condition, the intensity of these transient events decreases, and the fundamental structure 
of these transient events changes. Overall, the findings from this work provide answers to 
the research question of how does the thruster body recombination current interact with the 
behavior of the HET by showing that the availability thruster body recombination pathway 





6.4 Implications for Ground Testing of Hall effect Thrusters 
6.4.1 Cathode Coupling of the HET 
Examination of the axial chamber plate and the thruster body current-to-ground 
time-delay gives insight into the interaction between the HET discharge circuit and the 
vacuum chamber. In cases (cathode positions 32.1 cm to 94.3 cm away from thruster 
centerline) where the axial chamber plate current-to-ground signal is strongly correlated to 
the discharge current peak, the axial chamber plate time-delay is shorter than the thruster 
body current time-delay. The thruster body current-to-ground time-delay is 42% to 45% 
greater than the axial chamber plate time-delay. This result is not anticipated as the thruster 
body is spatially closer to the HET discharge then the axial chamber plate. From the 
perspective of Frieman, et al. [22], Walker, et al. [94], a possible explanation of this 
additional time-delay is to consider that the cathode orifice is in a region of plume or radial 
wall electron termination. Electrons that are sourced from the cathode that impact the 
thruster body must first traverse to magnetic field lines that intersect the thruster body. This 
propagation of electrons requires some cross-field mobility and the fundamental time-
scales for this cross-field mobility may be the source of the time-delay. Since the plasma 
environment in the near-field region of the HET discharge is complex and can support 
many plasma wave modes, it is difficult to pinpoint the exact mechanisms that control time-
delay between the discharge current peak event and the response measured on the thruster 
body current-to-ground. From the perspective of the facility wall electrical interaction with 
the HET, another possible explanation of this additional time-delay is that electrical 
boundary conditions of the HET plume strongly influence the global plasma properties 
[97]. Therefore, it is possible that the changes in the local plasma properties that govern 
the current collection on the thruster body respond only after information about the plume 
electrical boundary condition propagates back through the plasma. Based on the results 
presented thus far, the timescales of the electron wave propagation as calculated in the 
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section above are the right order of magnitude for such a scenario. Furthermore, the cathode 
positions of strong correlation between the thruster body current-to-ground and the 
discharge current peak event approximately overlap with cathode positions that have strong 
correlation between the axial chamber plate current-to-ground and the discharge current 
peak event. Both of the aforementioned reasons imply that changes in the HET discharge 
plasma and HET beam first interact with the downstream facility surfaces before 
propagating those changes to the rest of the chamber facility. 
Based on the arguments presented thus far, there are physical consequences for 
HET testing with cathodes in positions that have weak electron magnetization. In these 
cases, the HET discharge is strongly coupled to the facility walls. As seen by the results 
presented, the location of the cathode may influence how the chamber walls of the testing 
facility impact upstream conditions of the HET beam and near thruster discharge surfaces, 
i.e,. the thruster body. Therefore, HET architectures that incorporate a spatially-separated 
cathode must carefully consider the impact how the downstream walls of the vacuum 
chamber interact with the thruster. 
6.4.2 Comparison of Hall Effect Thruster Operation to The SMART-1 Mission 
From the perspective of the HET electrical circuit, the bias voltage of the axial 
chamber plate acts to enforce a pseudo far-field plasma potential boundary condition. The 
axial plate is able to drive the plasma potential by mediating the electron-ion loss rate to 
the facility walls. The resulting increase in plasma potential and cathode-to-ground 
potential is similar to behavior observed during the SMART-1 mission [51, 55]. The 
plasma potential, during the SMART-1 mission, was measured using the Electric 
Propulsion Diagnostic Package (EPDP) and placed downstream from the thruster exit plane 
and in a “low” ion-energy region of the PPS-1350 plume [49]. The measured difference 
between the cathode-to-ground voltage and the plasma potential remained approximately 
19 V [51] throughout the mission. As shown in Figure 56, there is similar fixed voltage 
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difference between the HET floating voltage and the centerline plasma potential. The 
influence on the axial chamber plate on the HET floating circuit voltage and plasma 
potential is only evident once the axial chamber plate is able to collect a net electron 
current. Due to the high mobility of the electrons versus xenon ions, this occurs at a low, > 
5 V, voltage above ground. Once the axial plate bias voltage is able to established net 
electron current collection, the axial chamber plate begins to induce global changes in the 
HET plume and HET electrical circuit. Overall, the potential difference behavior between 
the plasma potential and the cathode-to-ground potential for the T-140 HET tested is 
similar to the behavior experienced by the PPS-1350 in-flight operation. 
 
 
Figure 117: Potential difference between Plasma Potential and Cathode-to-
Ground Potential as a function of axial plate bias voltage. (Plasma potential is 
taken at an angular position of -45°). The HET operating condition is 300 V, 3.1 
kW 
 
A closer examination of the data collected in this experiment reveals that the 
difference between the plasma potential and the cathode-to-ground voltage has a small 
dependence on the axial chamber plate bias. The difference between the plasma potential 
at an angular position of -45° relative to thruster centerline and cathode-to-ground potential 
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is shown in Figure 117. Given the placement of the EPDP, this angular position is in similar 
region of the HET beam. At lower axial chamber plate biases (0 V to 15 V), where the 
beam current is not fully collected by the plate, there is an increase in this voltage difference 
by approximately 1 V to 2 V as compared to the nominal case. At higher axial chamber 
plate biases (20 V to 50 V), the difference between the cathode-to-ground voltage and the 
plasma potential increases by approximately 2 V to 4 V relative to the nominal condition. 
This voltage difference behavior is consistent with trends overserved at other angular 
positions. The increase in the potential difference would result in a change in thrust of the 
T-140 that would be smaller than the resolution of the calibration of the thrust-stand used 
in this investigation and is consistent with expectations based on Frieman et. al [72]. 
Though the change in thrust is not measurable with the thrust stand used in this 
investigation, the change in the potential difference between the cathode and the ambient 
plasma potential is indicative of a change in the efficiency of the HET electrical circuit in 
extracting electrons from the cathode [3]. In connection to the in-flight environment, the 
HET plasma potential is heavily influenced by the interaction with any charged surfaces 
such as the unshielded low voltage solar panel contacts as seen in the SMART-1 mission 
[51, 55]. As seen in this investigation, a variation in the plasma potential boundary 
condition relative to the HET would result in changes cathode coupling efficiency. 
6.4.3 Electrical Configuration of the Thruster Body 
Insight on the thruster body recombination circuit can be gained from examining 
how the HET electrical circuit and thruster body chassis was integrated in the SMART-1 
Mission [51-53]. In the case of the SMART-1 Mission, the HET discharge circuit was 
isolated from the satellite common via 1 MΩ and 50 kΩ resistors and the HET thruster 
body chassis was connected directly to the satellite common. In this case, the thruster body-
to-cathode voltage varied between – 5 V and 12 V. The analysis from the thruster body 
bias experimental configuration demonstrated that such a change in thruster body-to-
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cathode voltage can induce large scale changes to the transient behavior of the discharge 
current. Depending on the thruster body-to-cathode voltage, the discharge current peak-to-
peak varied between 29.3 A and 24.5 A. Such large swings in the discharge current 
correlate to large swings in the momentary power load on the discharge supply. For a 
scientific power supply behind a discharge filter, this is not so much of a problem. But for 
a flight unit power processing unit, such large swings in power load could be disastrous.  
The large swings in the power deposition on the thruster body (as is discussed in 
section 6.3.3) could also have a large impact on the electrical potential of the satellite bus 
common and satellite chassis. Since the thruster body is directly tied to the satellite 
common, there is a direct electrical path between the satellite electrical system and the HET 
discharge circuit. This means that the HET discharge can directly influence the potential 
of the satellite bus common and satellite chassis. The potential of the spacecraft itself is an 
active area of concern for satellite builders and mitigating or accounting for the effects of 
spacecraft charging is something that must be done in order for successful on-orbit satellite 
operation [103]. This means that for successful HET integration and operation, 
consideration must be given on how the thruster body will interact with the entire 
spacecraft. Overall, the results of the thruster body bias experimental configuration indicate 
that the thruster body-to-cathode potential is a key factor to examine during the ground 
testing of HETs that can be used to assess the impact of the thruster body on the HET, HET 
electrical circuit, and possibly the electrical circuit of the satellite. 
 
6.4.4 The Configuration of Ground-Based Vacuum Facilities 
The results and analysis presented in this thesis thus far have strongly indicated that 
the chamber walls of the vacuum chamber are a part of the HET electrical circuit and have 
an impact on the measured characteristics of the operating HET. The question of what 
would be the desired ground testing configuration that would better represent the electrical 
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boundary conditions present on orbit must be addressed. The first thing to consider is the 
size of the vacuum chamber. This work has shown that the Langmuir wave mode is the 
primary physical mechanism that connects the HET discharge in both the radial and axial 
directions to the far-field electrical boundaries of the plume, i.e. the chamber wall. The 
Langmuir wave mode is a fundamental plasma mode that requires no external magnetic or 
electric fields to be present; therefore, the HET can always electrically communicate with 
boundaries of the HET plume. To size a vacuum chamber appropriately to represent the 
on-orbit HET plume electrically conditions, the size of the HET plume on orbit is 
considered. This size is dictated by the interaction of the plume with the physical 
environment on-orbit. This environment at the boundary conditions of the HET plume 
could be but is not limited to other plasma environments surrounding the satellite. For 
example, the solar wind plasma environment is a common plasma environment that 
satellites regularly encounter during on-orbit operation. In this case, the HET plume 
characteristics would start to interact with the solar wind plasma environment once the 
HET plume plasma density reaches a similar order of magnitude as the solar wind plasma 
density. Based on the Encyclopedia of Astronomy and Astrophysics, the solar wind number 
density is on the order of 10 particles/cm-3 [104]. Examination of the HET plume density 
profile, as shown in Figure 59, indicate that the plasma density of the T-140 HET at thruster 
centerline, 1-meter downstream of the exit plane of the discharge channel is of the order of 
1010 particles/cm-3. To zeroth-order, the plasma density in the plume scales inversely to the 
square of the distance away from the thruster [3]. Ignoring collisions within the plume 
(neutral and recombination), the distance at which the HET plume number density 
decreases from 1010 particles/cm-3 to 10 particles/cm-3 would be on the order of 10 km. In 
order for a vacuum test facility to be appropriately sized to emulate the electrical boundary 
conditions that a HET operating on-orbit would experience while interacting with the solar 
wind, the vacuum facility walls must on the order of 10 km away from the thruster. For 
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perspective, the largest vacuum facility in the world, the Space Power Facility at NASA 
Plumbrook, is 100 ft. in diameter and 122 ft. high. It would be an understatement to say 
the construction and operation of a 10 km scale vacuum facility would be challenging; 
therefore, other avenues of accounting for the difference in electrical boundary conditions 
must be pursued. For example, one method, as discussed in the axial chamber plate bias 
experimental configuration, would be to bias the axial chamber plate voltage such that 
grounded surfaces exposed to the HET plume are removed from the HET electrical circuit. 
By biasing the axial chamber plate voltage, the plasma potential of the entire HET plume 
can be raised such that there is no net current collected on grounded surfaces such as walls 
of the chamber (see Figure 54) and the thruster body itself (see Figure 110). If there is no 
net current being collected on a particular surface, that electron termination pathway is 
effectively removed for the HET electrical circuit. Aside from the axial chamber plate bias, 
the overall methodologies and analysis presented in this dissertation work offer other 
possible alternatives to better emulate the on-orbit electrical boundary conditions of a HET 





Contributions and Future Work 
7.1 Electrical Facility Effects Contributions 
7.1.1 Contributions to the Understanding of Chamber Wall-Hall Effect Thruster 
Interactions  
The first research question of this dissertation work is: How does the chamber wall 
charge recombination pathway interact with the Hall effect thruster? The experimental 
work and the analysis presented in this work provide insight to this question. Changes in 
the discharge of the HET that directly influence the chamber wall to HET plume interaction 
propagate outward from the thruster via Langmuir waves. The chamber wall recombination 
pathway mainly influences the characteristics of the HET plume. Through the sheath 
potential drop at the walls of the vacuum facility, the plasma potential in the plume of the 
HET is artificially lowered. As the availability of the chamber wall recombination pathway 
decreases, the plasma potential of the HET plume begins to increase globally. The rise in 
plasma potential is due to the reduction in the charge-loss rate to the walls of the vacuum 
chamber and the additional power added to the plume in order to reduce this availability. 
At high enough plume plasma potentials, the current collected on the radial walls decouples 
from the HET. This is due to the adverse electron potential gradient that exists between the 
plasma and the grounded walls. This decoupling of the HET plume from the grounded 
walls of the vacuum facility also coincides with a rise in the ion current density of the HET 
off-axis plume. With respect to the HET operation, the HET electrical circuit floating 
voltage is set by the cathode and the ambient plasma conditions in the near field of the 
HET. As the plasma potential rises, the floating circuit responds to these changes in the 
plasma potential by floating to higher voltages. Prior to this work, the exact impact of the 
walls on the HET was not known. This work is able to able to contribute to the field of 
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HET ground testing by identifying key mechanisms that govern the chamber wall-HET 
electrical interaction. Since the plume structure is an important consideration during HET-
satellite integration, this work is able to contribute to the field of HET ground testing by 
demonstrating that the plume of the HET is influenced by the walls of the vacuum chamber, 
and by laying the ground work for a method to recreate a more on-orbit like plume 
conditions within the ground-testing facility via the axial chamber plate bias voltage 
control methodology. Ultimately, this work demonstrates that the walls of the ground test 
facility are an important consideration for the ground testing of HET. 
7.1.2 Contributions to the Understanding of the Thruster Body-Hall effect Thruster 
Interaction 
The second research question of this dissertation effort is: How does the electrical 
boundary condition of the thruster body itself affect the operation of Hall effect thruster? 
The experimental work and the analysis presented in this work provide insight to this 
question. The thruster body interacts primarily with the HET electrical circuit through 
changes in the discharge current. When the thruster body is electrically grounded, the 
thruster body collects a relatively large fraction of neutralization electrons sourced by the 
cathode. As the voltage difference between the thruster body and the cathode decreases and 
approaches the floating voltage of the thruster body, the availability of the thruster body as 
an electron termination site decreases. These changes in availability of the thruster body 
coincide with an overall decrease in the intensity of quasi-periodic discharge current 
oscillation events. Prior to this work, it was unknown if the thruster body played an active 
role in the HET electrical circuit. This work contributes to the field of HET ground testing 
by demonstrating that the thruster body of the HET is an active component in the electrical 
circuit. At certain thruster body-to-cathode voltages, the thruster body chassis can store 
electrical energy storage and re-emit that back into the surrounding plasma. Since power 
processing units are specifically made to accommodate certain characteristics of the HET 
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electrical load, this work contributes to the field of HET ground testing by showing that 
the electrical configuration of the thruster body can have major impacts on the 
characteristics of the discharge current of the HET. Since HETs go through several physical 
changes through the design process, this work contributes to the field of HET ground 
testing by demonstrating that the structure of the charge recombination currents depends 
on the thruster body to cathode voltage. If there are operational characteristics of the HET 
that are dependent on a particular structure of the thruster body recombination currents, 
then changes to this structure may have unintended consequences on HET operation. In 
summary, the work done on the thruster body-HET interactions is able to provide key-
insights into a previously over-looked factor to consider during ground testing.  
7.2 Future Work 
More work remains in the field of electrical facility effects in HET ground-based 
testing. There are several limitations of this dissertation work that need to be addressed in 
future work related to electrical facility effects. In particular, the findings of this work are 
limited to a single thruster, a single operating condition, and a single operating neutral 
pressure. Because of this limitation, this work is unable to fully determine if there are 
certain operational or design thresholds that govern charge recombination pathway 
dependent HET behaviors. It may even be the case that at certain operating conditions or 
with certain HET designs more characteristics of the HET are dependent on the charge 
recombination currents present in the ground testing environment. To gain a better 
understanding of these possibilities, it is imperative to repeat some of this work at different 
operating conditions or on different thrusters.  
 While this work is able to investigate the physical mechanisms that govern the 
chamber wall-HET interaction, this work is unable to pinpoint the physical mechanisms 
that govern the near-field interactions between the HET and the thruster body. Because the 
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design of the HET can change many times during the development cycle and specific 
implementations of a particular HET vary from satellite to satellite, information regarding 
the physical mechanisms controlling the HET and the thruster body interaction would be 
extremely valuable information. However, the plasma environment in the near-field of the 
HET is quite complex and understanding the physical mechanisms occurring in that region 
is ongoing area of research. If the physical mechanisms that govern the thruster body-HET 
interaction were better understood, then a better understanding can be gained on how 
variations in the thruster design, magnetic field topology, thruster operating condition, and 
ambient neutral pressure affect the thruster body-HET interaction. 
While the structural changes measured on the thruster body are significant in that 
they indicate that structure of the thruster body recombination current can change, the 
finding itself is somewhat limited. The combined collected current of all thruster body 
plates account for less than 3 % of the total collected current. This means that the structural 
change observed is not indicative of large, whole-scale changes to the structure of the 
thruster body recombination currents. To better understand if large, whole scale changes 
to the thruster body recombination current can occur, it is important to directly identify the 
actual thruster surface that collects a majority of the thruster body current-to-ground. In 
actuality, it is unknown whether the thruster body current collection to ground is a localized 
to a specific surface or distributed over the entirety of thruster body. Related to the 
aforementioned suggested work on understanding the physical mechanisms that govern the 
HET-thruster interaction, knowledge of the physical mechanisms governing the thruster 
body current collection process would be able to narrow down the scope of possible 
thruster body surfaces.   Determining this issue is of key importance, as HETs go through 
many design changes as a particular design approaches flight maturity. If the thruster body 
current is a localized phenomenon, then minor changes to the construction of the HET 
along the development cycle may have unintended consequences on the HET operation. 
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One major question that this work is unable to address is which recombination 
pathways are the biggest factors to consider during ground testing. Based on the work and 
analysis of the axial chamber plate experimental configuration and the thruster body 
experimental configuration, these surfaces fall into two categories: conductive surfaces 
within the magnetic field of the HET and conductive surfaces exterior of the HET magnetic 
field. Common conductive surfaces within the magnetic field of the HET include the 
thruster body, thrust stand structures, or even HET mounting structures. Common 
conductive surfaces exterior of the HET magnetic field includes the chamber walls, 
diagnostic support structures, or facility support structures. To better understand the impact 
of these kinds of conductive surfaces on the HET electrical circuit, it would be imperative 
to measure or model the plasma environment surrounding those conductive surfaces. 
Understanding those plasma conditions in both a static and dynamic way would allow for 
a more precise method of adjusting the electrically boundary conditions of those surfaces 
to be determined. In such case, those measurements would make it much easier to pinpoint 
the exact physical mechanisms that drive the influence of those conductive surfaces on the 
HET. In doing so, a better assessment of which recombination pathways are the biggest 
factors to consider during ground testing can be addressed.  
The line of investigation related electrical facility effects on HET operation is still 
a new field of research. There are still many unknowns about how the HET electrically 
interacts with the vacuum chamber facility. With the increased interest in the usage of 
HETs for in-space applications, a better understanding of facility effects, in general, on 
HET ground-testing is vital. By tackling these aforementioned areas of suggested future 
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